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PREFACE 


This book supersets the Battelle Memorial Institute publication 
"Compilation of US and UK Uranium and Thorium Constitution Dia¬ 
grams" (BMI-1000). It is a new reference piece in a modified format. 
The original Compilation has been used extensively and has been re¬ 
printed. The present authors believe that this degree of acceptance of the 
original work implies acceptance of the concept and approach. As a re¬ 
sult, they have undertaken this new work in an attempt to provide an 
even more useful reference piece. Like its predecessor, this work was 
written with the cooperation of representatives of the United Kingdom. 

The modified Metals Handbook system of notation for the diagrams 
employed in BMI-1000 was again used in preparing these constitutional 
diagrams. The symbols a/o for atomic per cent and w/o for weight per 
cent have been used. In keeping with the general convention, phases have 
been designated beginning with the base. The inconvenience of having 
two alpha phases, alpha A and alpha B, in the system A - B is thereby 
obviated. Some slight but easily reconciled confusion may exist with 

tom B - A diagram " lay have ^en developed for the sys- 

J r h,S b °° k is divided into two major sections, uranium alloys and 

transformaL yS ^ T- 0 " SeCti °" S are P rcm,cd by a discussion of the 

ansforma mn and melting temperatures of the base metal Following 

-titTlde I 6 Vnri ° US T tCmS in “'Poetical order. Themajo? 

the svslm nary and tCrnary Systcms - 1,1 thc previous edition 

he systems were separated on thc basis of whether or not constitutional 

,his "r» «■ 

tion of the inform-.*; P ° ° r absence of a digram and that utiliza- 

alphabetical 1 !^ 0,1 ™ •***«&** by a completely 

rcfere " ces h ; lvc bec " “sod- However, be- 
classified references ire avea^U- "If i"' P T SCVeral systems ’ som » 

ra rife Tti™ ^^^" classifications 

the original editOTs™ , VOl T° '°, thc '“ te H<, " ry A - Sallcr ' one of 
Compilation into beinghave made\h ^ “ bringin S thc original 

straightforward task 8 d * Vntlng of th,s book much more 
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MELTING POINTS AND ALLOTROPIC MODIFICATIONS 

OF URANIUM 


Reliable reports of the melting point and transformation temperatures 
of uranium are available in the literature |1].* Further, uranium of ultra- 
high purity has been prepared and studied by thermal analysis [2|. The 
melting point and transformation temperatures which were determined 
are shown below. 


■ ■ - 

Temperature, C 1 

Heating 

Cooling 

--, 

Average j 

Molting point 

112S.7 

1129.0 

II2S.9 

Heta-gamma transformation 

772. 1 

7Gf> 7 

7(39 .4 

Alpha-beta transformation 

007. 1 

057.7 1 

002 4 | 


In order to standardize the construction of diagrams, the average values 
shown above have been used throughout this volume as the transformation 
temperatures and melting point of uranium. 

The crystal structure of alpha uranium has been determined to he 

ort orhombic by Jacob and Warren [3J, using x-ray powder methods. The 

ata on alpha in the tabulation on page 2 are from their work. Study by 

Lukesh |4J has confirmed these data on single crystals or uranium. ' ‘ 

the structure of alpha uranium may be regarded as being formed by the 

stacking of corrugated sheets. The binding within the corrugated sheets 
lb largely covalent in nature ( 5 ]. 

svImet7r ta \U tnK K Ure ° f bCta Uranil,m is ( * om P ,ox of tetragonal 

kLwn tTi ‘ t ° Ug 'V VnS MOt Until re<cnt >’ ears > ha < <bc structure was 
Known to be tetragonal, the major contributors are now in reasonably 

h-is Jr 61110 ' 11 , nb 1 ° Ut jt ' The of the structure of beta unuilum 

iuur c r D p ; s ed by t "° •“t-* w ^ 

chromium , r , , , US "' SS "' slc crystals of retained beta in a 1.4 a/o 
in the “ 4 , ThC ' Vl,S [7 , h “ s beta both in pure uranium and 

techniques. '"‘ Um a "° y at 720 C by ^'‘temperature powder 

powde^patterns^of^tlm ,U ^ in between beta 

at 720 C. Tucker and ‘"'I th ° SC ° f . the low ' ( ‘ hromi uni alloy 

by Thewlis for th , ,MO 8 report t,mt tlie major discrepancy reported 
-!_!!! 118 ° r thG P ° Wdcr Pattern of thc low-chromium alloy is not found 

* See references at thc end of each section. 
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in single-crystal data from a sample of identical composition. On this 
basis. Tucker and Scnio [8| conclude that the patterns of the beta structure 
for the low-chromium alloy and for the pure metal are identical. 

The lattice dimensions for beta tabulated below are from Thewlis [7), 
while the other data for beta are from Tucker and Senio [8|. Tucker [6] 
reports unit-cell dimensions for single crystals of the 1.4 a/o chromium 
beta at room temperature to be a = 10.52 and c = 5.57 A, with a meas¬ 
ured density of 18.007 g/cm*. Similar data are reported by Thewlis [7), 
who gives lattice constants of a — 10.500 ± 0.001 and c = 5.634 ± 0.001 A 
and a density of 18.56 g/cm 3 . These latter data are probably the more 
precise, since they were obtained by means of powder techniques. At 
720 C, the unit-cell dimensions of the 1.4 a/o chromium beta, according 
to Thewlis (7), are a = 10.763 ± 0.005 and c = 5.652 ± 0.005 A, cor¬ 
responding to a density of 17.93 g/cm 3 . 

The structure of gamma uranium has been shown to be body-centered 
cubic. The data tabulated below are from Thewlis (10). X-ray data were 
obtained at 800 C, giving a lattice constant of a = 3.487 A (9). 

Lattice constants were also determined for a series of alloys containing 
17.3 to 31.2 a/o molybdenum which possessed a retained-gamma struc¬ 
ture [9). A lattice constant of a = 3.474 A at room temperature was 
determined by extrapolation of these data. Yegard’s law was assumed to 
apply to this system. 




( nit cell 


DcnMtv, 



PhaM* 

Type 

Dimensions, 

Number 

of 

molecules 

» 

j cm 3 

Space 

Kroup 

Remark* 


\ 

X-ray 

Other 

_! 


Alpha 

Ortho¬ 

rhom¬ 

bic 

a - 2.852 
b - 5.865 

r - 4.945 

4 

19.12 


Omcm 


llrtu 

Tctrii*- 

onnl 

a - 10.759 
± 0.001 
e — 5.656 
± 0 001 

30 

18.11 


P4/mnm 

Data for 720 (' 

(inmniu 

Hcc 

a - 3.524 

2 

IS.06 


Im3m 

Data for 805 C 
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URANIUM-ALUMINUM 


ALUMINUM, w/o 



ALUMINUM, o/o 

The Constitutional Diagram 


tem. Thrd'iaeram y «h° mpl - ete k a ^ rC f men ^ °" the urani um-aluminum sys- 

to include tL?UAl °T " T ° f Gordo " " nd HI, modified 

Allen [3], A 4 mtermeta!l,c compound reported by Borie [2] and 

These difftte!, renC6S GX1St between this diagram and that of Allen 131 

vart s rrr s r r at r in ^ ^ s 

n .sotherms. lor example, at the uranium end of the 



4 


ALUMINUM 


(U-92 


system, Allen [3] reports values of 1123, 7.37, and 072 C for the eutectic 
and eutectoid isotherms. These values correspond to 1 10.3, 7.30, and 655 C, 
respectively, in the diagram shown here. The work of Sailer [4] is in agree¬ 
ment with the diagram shown. Thermal-analysis techniques resulted in 
slightly higher values for the aluminum-rich liquidus with UA1 3 , as reported 


by Storhok and Bauer [5]: 

755 C 
855 C 
954 C 
1008 C 
1190 C 
1205 C 

Some details of the solubility 
ported by Allen (3): 

980 C 
800 C 
700 C 
050 C 


17 w/o uranium 
20 w/o uranium 
24.5 w/o uranium 
30.9 w/o uranium 
41.7 w/o uranium 
512 w/o uranium 

of aluminum in uranium have been re- 

0.5 w/o aluminum 
0.2 w/o aluminum 
0 .11 w/o aluminum 
< 0.1 w/o aluminum 


Similar values, perhaps slightly lower, can be scaled from diagram in the 
gamma-uranium region. 

Ckysta lloc; ha ph y 

The crystallography of the intermetallic compounds is summarized in 
the tabulation below. The data shown for UAI 2 and UAI 3 are from the 
work of Bundle and Wilson (0). The structure of UA1 3 is confirmed 
by Maskrey and l-'rost (7), although they report a lattice dimension of 
a = 4.27 A. They also report that the atom positions of UAI 3 are surely 
those of the AuCu 3 ordered structure. On the basis of intensity data, it 
appears that a high degree of order exists in UA1 3 . 



(’flit crll 

Density. 

Space 

group 


IMiax 

Type 

Dimension!*, 

Numbr 

of 

mob-cub's 

1 

5/cm 3 

Hemarks 


A 

X-ray 

Other 



Delta 

(IAI2) 

Fee 

a - 7.811 

8 

8.14 

8.2 

F«13m 

Cl 5-type Cu 2 Mk 
structure 

Kfxsilon 

(I’Ab) 

Simple 

cubic 

a = 4.2S 7 

1 

6.8 


Pm3m 

Ortlereil. AuCu.i- 
type structun- 

7a ta 
(t’AU) 

rhom- 
bir ' 

a = 4.41 

6 = 6.27 
e - 13.71 

4 


5.7 ± 0.3 

Ima or 
Imma 
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Borie studied UA1 4 (once identified as UA1 5 (IJ) by both x-ray and neu¬ 
tron diffraction.[2] Chemical analyses and density measurements were 
somewhat inconsistent with the UA1 4 stoichiometry and structure. How¬ 
ever, this inconsistency is explained on the basis of a defect lattice where 
some of the uranium sites are unoccupied or are occupied by aluminum 
atoms. Analysis of the structure revealed that it can be described as 
plates of the cubic UA1 3 structure held together by extra aluminum 
atoms ( 2 ). 
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URANIUM-ANTIMONY 


There is evidence of a number of intermetallic compounds in the ura- 

mum an .mony system.[l-3) The following solubilities of uranium in 
nquid antimony have been reported ( 4 ): 

Temperature, C G50 700 750 800 850 900 

Solubility, w/o 0.1 0.3 0.5 0.8 1.8 2.9 

Crystallography 


by T Ferro M' 2l'° Sr T hy °k Y Sb ’ UaSb ” "" d USb * ^pounds is reported 
y 1 erro 2J as shown below. 


Phase 

J rsb 

I’nit cell 

Density, 

1C’em 3 

X-ray Other 

Space 

Kroup 

Remark* 

Type 

Dimensions, 

A 

Number 

of 

molecules 


Fee 

a - 0.191 

4 




-—--- 1 








NaCI structure; 








Lomorphoas with 








DN. UP, and 

Cubic 

o - 9.095 





I'M 

t*Sb, 

TetraR- 

a - 4.272 






■-- 

onaJ 

e - 8.741 

♦ 
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URANIUM-ARSENIC 

There i.s evidence supporting three intermetallic compounds in the 
uranium-arsenic system, but little else is known about these alloys. 

Crystallography 

The crystallography of UAs and UAs 2 compounds i.s summarized below. 
The data for UAs are those of Rundle [1]. Ferro [2] reports that UAs i.s 
similar in structure to USb, UN, UP, and UBi. 

On the basis of x-ray studies, Iandelli (3, 4] reports the existence of UAs, 
U 3 AS 4 , and UAs 2 . 

Katz and Rahinowitch [o] have surveyed information on this system. 



1 ’nit cell 

Density. 



Ph*M* 
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Dimensions. 

Numl>or 
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molecules 
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t cm 1 

Space 

group 

Remarks 


A 

X-ray 

Other 



j IT As 

Fee 

a - 5.767 
± 0.01 

4 

10.77 



Nad structure, 
LHomorphous with 
rare-earth arse¬ 
nides of La, Co. 

Pr. Nd 

l *A.«2 

Tetrag¬ 

onal 

a - 3.054 
e - 8.116 

2 

9.8 



Isomorphous with 

IP 2 
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‘hat the solubihtv o hert bory “‘ Uln < 0 - 2 »'/o). He also reports 

** of uranium in be^ ZZZ deSed'm 'h"* ° f ,h * S ° h '- 










8 


HKKYLLI I'M 


[U-92 


The National Physical Laboratory reports that the solid solubility of 
beryllium in uranium is between 2.8 and 8.4 a/o beryllium. The beryl¬ 
lium-rich eutectic contains about 0.0b a/o uranium [4|. 

CKYSTALLOG ISA PM Y 

Data for UBe 13 are summarized in the accompanying tabulation (2,3). 
There is no doubt that the unit cell is complex, although first studies tended 
to indicate a simple cubic structure with a lattice constant of about 5 A. 
Baenziger and Bundle (2) studied a whole series of MBe 13 compounds 
where M was uranium, thorium, cerium, and zirconium. Study of rota¬ 
tion and Wcisscnberg diagrams of single crystals of ZrBei 3 revealed the 
more complex structure. On closer inspection, they found that the (531) 
reflection, which requires the larger unit, could be seen on powder dia¬ 
grams. Their data were calculated from back-reflection data obtained with 
a symmetrical, self-focusing powder camera (2). 

Koehler and co-workers [3] studied single crystals of UBei 3 by both 
x-ray- and neutron-diffraction methods. Their work is in complete agree¬ 
ment with that of Baenziger and Bundle (2). 
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an d by Bareis (81 who^^tfiV C ° tteril1 17,1 who used thermal analysis 
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stantially in agreement with the diagram as shown. Greenwood (0) found 
the solubility obeyed the relationship login (uranium, w/o) = 3.00 — 
(2440/T), where T is the absolute temperature, and obtained the following 
values: 

Temperature, C 515 540 002 0G8 722 700 790 810 898 900 

Solubility, w/o 0.7 0.9 1.3 2.7 3.5 5.1 0.7 9.3 13.9 19.G 

The values of Bareis (81 agree well with those of Greenwood, but since 
they cover a different temperature range, the values are given below: 

Temperature, C 271 300 350 400 450 500 550 GOO 050 700 

Solubility, w/o 0.031 0.051 0.108 0.21 0.30 0.00 0.97 1.47 2.18 3.1 

Crystallography 

Data on the crystallography of the intermetallic compounds in this 
system are summarized in the tabulation below. 

The structure of UBi is from the work of Teitel (2) and was determined 
by means of neutron-diffraction experiments. Both I'erro (3] and Brewer (4) 
have reported the UBi structure to be face-centered cubic and give lattice 
constants of a = 0.350 A and a = 0.304 A, respectively. 

The data for l T 3 Bi 4 and for UBi 2 arc from the work of Ferro (3, 5]. 
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URANIUM-BORON 


Although the diagram has not been completed some data are available 
on the general characteristics of the uranium-boron system. The system 
contains three intermetallie compounds: UB 2 , UB 4 , and UB I2 (1). The 
portion of the diagram between pure uranium and UB 2 has been studied (2) 
and determined to be of simple eutectic form with the eutectic tempera¬ 
ture between 1120 and 1128 C. The melting point of UB 2 is 2-140 C UB 4 

exhibits a higher melting temperature [3J and forms a eutectic with UB, 
well above 15G.5 C. 

The compound UB 12 is reported to be too unstable for refractory use [31 
and it does not exist at as such high temperatures as do UB 2 and UB 4 . 

Crystallography 


0! ,T” UB ‘- and l:B -» is summarized below. 
Simil f 0nStantS f ° r UB * are re P° rted by Daane and Baenziger [ 1 ] 

g^noVT-SmTTmr A* * 7 ™ ,31 ’ bU ' ,he ht,i ™ ™" st -™‘s ire 

g Tk f 3136 =*= 0 00() A and c = 3.988 ± 0.008 A. 

Simil fVu?' 5 ° f UB « ilre take » from the work of Brewer [31 




Vlh 


rii 4 


UR 


12 


Type 


Hexag¬ 

onal 


Tclra*. 

onal 


Fee 


l'nit cull 


Dimensions, 

A 


« - 3.12 
<“ - 3.90 


a - 7.075 
± 0.004 
c - 3.979 
± 0.002 

a - 7.473 


Number 

of 

molecules 


1 


Density, 
g 'em* 

Space 

group 

Remarks 

X-rav 

Other 


12.82 

12.8 

IN/mbm 

Axial ratio suggests 
it may lx* 
isoruorphous with 
AlB a 

Isomorphous with 

ThU 4 anti CcU 4 

5.825 


Fm3m 




12 


BO HON 


CALCIUM 


CARBON 


(l'—92 


References 

1. Adrian Daaxi; ami X. C. Baenziger. unpublished information (Julv IS 
1949). 

2. B. \\. Howlktt and B. Marriott, Associated Electrical Industries Re¬ 
search Laboratory, United Kingdom, unpublished information (March, 1957). 

3. L. Brf.wer, D. L. Sawyer, I). H. Templeton and C. H. Dauben, “The 
Borides of Uranium and Thorium” (AECD-2S23), J. Chem. Phys., 18, 391 
(1950). 

4. F. Bert act and P. Blum. “The Structure of the Borides of l’ ranium,” 
Compt. rend., 229, 666-67 (1949). 

5. A. Zalkix and I). H. Templeton, “The Crystal Structure of CeB 4 , 
ThB-j. and UB 4 .” .Ida Cryst., 6, 269-272 (1953); J. Chem. Phys., 18, 391 (1950). 

6. J. L. Axdrieux and P. Blum. Compt. rend.. 229, 210 (1949). 

7. J. J. Katz and E. Rabinowitch, The Chemistry of I'ranium, Part I, 
McGraw-Hill Book Company, Inc., X'ew York (1951). p 214. 


URANIUM-CALCIUM 

There are very few data on the uranium-calcium system. However, 
in attempts to prepare calcium alloys, Ahmann (1) found no reaction be¬ 
tween uranium and calcium after as much as 24 hr at 800 C. 

Crystallography 

There are no compounds in the uranium-calcium system. 
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URANIUM-CARBON 

The Constitutional Diagram 

The constitutional diagram for uranium-carbon shown in the accom¬ 
panying figure (I) has been revised to show the allotropic transformation 
of UC 2 from tetragonal to face-centered cubic at 1820 ± 20 C ( 2 ). Two 
additional compounds, UC and U 2 C 3 , are found in the system. Early 
investigators (31 did not discover l* 2 C 3 by x-ray examination but had in- 




U-92J 


CAR BOX 


1 


CARBON, w/o 


05 I 2 3 5 7 10 15 25 50 




14 


OA It BOX 


IU-92 


Solubilities of carbon in gamma uranium have been reported by Blumcn- 
thal [5] as follows: 


Temperature, C 

Solubility, ppm 

800 

65 

950 

70 

975 

80 

1000 

90 

1020 

110 

1050 

115 


CltYSTA LT.OG It A PH Y 

The crystallography of the uranium carbides is summarized in the tabu¬ 
lation below. The data for UC are from Bundle [G]. Wilson (2] gives 
values of 4.9G14 and 4.9597 ± 0.0005 A for UC at room temperature, and 
Litz [7] reports a value of a = 4.955 A. The data for U 2 C 3 are from 
Mallett [4]; a value of 0.8070 ± 0.0005 A is given by Wilson (2). The data 
for the tetragonal and face-centered cubic forms of UC 2 arc from Wilson. 
Similar data are reported by Rundle (GJ, who reports values of a = 3.524 
and c = 5.999, and by Litz [7| who gives lattice constants of a = 3.54 
and c = 5.99 A. 

Discussion of this system can also be found in The Chemistry of ('io¬ 
nium (8). 
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URANIUM-CERIUM 


Only limited data exist for the uranium-cerium system 

II 2 r 77Th d CeriUm , are °"' y partia " y miscible in the “'laid state. 
1, 2, 3, 4] There is ev.dence of a eutectic at the uranium eud of the sys¬ 
tem, pe rhaps at about 1000 c |2 3) The s0 , ub ^ 

urau.um ,s reported to increase from 1.0 w/o at hoOC to 5 w/o at 

in cerium ^'* 


Crystallography 

There are no compounds in the uranium-cerium system 
References 


(May/ 194 9 ). Laboratorv . I mted Kingdom, unpublished information 

(January, 1945).’ Cul lit* and A. R. Kauffman, unpublished information 
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The Constitutional Diagram 

Chromium is one of the few elements which forms a eutectic with ura¬ 
nium, without intervening intermetallic compounds. The diagram which 
is shown here is based largely on the work of Daane and Wilson [1], who 
studied the system by x-ray, thermal, and metallographic techniques. 
The eutectoid isotherms were revised by Sailer, on the basis of both ther¬ 
mal and dilatometric measurements. The eutectic composition appears 
to be slightly less than 20 a/o chromium, or about 19.4 a/o chromium [2]. 
This composition was determined by using a series of low-carbon cast 
samples. The work of Mott and Haines [3] confirms the diagram presented 
here. 

The solubility of uranium in chromium is slight, and the solubility of 
chromium in uranium is limited [ 1 ]. In the gamma uranium, the solubility 
of chromium is variously reported to be 4 a o [1] and greater than 5 a/o [3J. 
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On the basis of the behavior of beta-treated alloys during isothermal 
transformation in the alpha region (4), the solubility in beta-uranium is 
estimated to be about 1.5 a/o chromium. The solubility of chromium in 
alpha-uranium is somewhat less than in the beta, but is not known (1,3). 

Bloom and Grant (5) have reported that an allotropic change occurs in 
chromium just below its melting point, but this change is not confirmed 
by McCaldin and Duwez (0). In either case, this portion of the diagram 
would be relatively unimportant for working with these alloys. 

Crystallography 


There is no compound in the uranium-chromium system. 
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URANIUM-COBALT 

The Constitutional Diagram 

The following diagram shown is that of Waldron and Browne (11 and is 
ITS:" 1 T I hC C “ r ' ier " ° rk ° f N «*» ”" d D “"'« 121 except at the 

range for Uct mT ttre ^ r °"'" C reP ° rt “ largcr solubility 

eel UC„^ d ulo,, add,t '° nnl COmP ° U " ds "- ith compositions 

Crystallography 

Th?c e omCnd U U Co U r- “ re k T™ three ° f the compounds [3] 
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calculated by addition of atomic volumes, or about 550 A 3 . The atomic 
positions can be described on the basis of space group I4/mcm, although a 
possible variation from their positions in space groups 142 and I4c2 has 


not been eliminated. 

The structure of l'Co 2 has been reported by both Baenziger (•}) and 
Waldron and Browne, the latter claiming a large variation of unit cell 
size with composition. l’Co 2 has the C15, MgCu 2 structure and is isomor- 
phous with UFc 2 and UMn 2 but not with UXi 2 , which has the C14, 
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MgZn 2 structure. Ternary alloys involving these phases are reported in 
the section devoted to ternary alloys. 

Crystal structures have not yet been reported for the remaining phases. 
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URANIUM-COPPER 

The Constitutio.val Diagram 

co^^SZTT^ b T n StU , diGd SU,d a di * g ram has been 
thermal analysis, and metallography'f 11°'The^i" 6 * 1 ^ X "T y diffraction * 
The region of immiseibility above 1080 Ch d 8 ?? Is sclf explanatory, 
to ^8 w/o copper. The ^ t.o 

copper alloys at 1550 C and in a 25 w/n ™ V cx,st 1,1 ° and 45 w/o 
Data from the United Kingdom 12 3) Sn"f?? at 1850 to 1900 C (!)• 
pound, or compounds, may occur in VhL that . an . additi <>nal corn- 

supported by the work of Wilhelm and *Cn m * S iudicatio » is not 
thermal break was observed at 8G0 C in the’ S °" 1J ’ aIthough a small 
•system. This break conceivably ^ P ° rti ° n of the 

C ° mP0Und ’ » »'as considered to be LZ^loZ 
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tamination at the time of the study. If an additional compound is present 
in the system, it is surely in the high-uranium region, since x-ray studies 
showed that UCu 5 and copper exist together in copper-rich alloys [1J. 

There is evidence of slight solubility of uranium in UCu 5 . There is no 
evidence of appreciable solubility of uranium in copper, or of copper in 
uranium (1). 

Crystallography 

The structure of l'Cu s has been determined by Baenziger [4]. The data 
on this compound are tabulated below. I he dimensions of the face-cen¬ 
tered cubic unit cell vary from 7.033 ± 0.002 to 7.038 ± 0.001 A, in¬ 
dicating a slight solubility of uranium in LCu 5 . 

Wilhelm and Carlson (1) have reported a lattice constant of 

a = 7.0208 =fc 0.002 A. 

The calculated and observed densities are 10.00 =fc 0.02 and 10.G g cm , 
respectively. 
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URANIUM-DYSPROSIUM 

So ^;r " d dyspr0sium e ’ d > ibit »» “miscibility g„p iM the l i(luid statc . 

0 15 t/l at l fsnrT’T, "' qU Ura " i,,m is rc P° r "’ d “> mercase fro.n 
u.io w/o at lloO C to 0.2 w/o at 1250 C (1]. 

Crystallography 

system!' 118 “ k "°"'" co,lcer “ in « ,hc Possibility of compounds in this 
Reference 
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URANIUM-ERBIUM 

So^n , ty m o" r d bium i r ^ ££?*** « - «» liquid state. 

W/o at 1150 C to 0.2 w/o at 1250 C. (1] " rep ° rted to lncrease from 0.15 

Crystallography 
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URANIUM-EUROPIUM 

Uranium and europium show little miscibility in the liquid state. The 
solubility of europium in liquid uranium is reported to be 0.15 w/o at 
1150 C and 0.2 w/o at 1250 C, while uranium solubility in europium is 
given as 0.5 w/o at 1000 C and 1.3 w/o at 1250 C.[l] 

Crystallography 

Data concerning the possibility of compounds in this system are not 
available. 

Reference 
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URANIUM-GADOLINIUM 

Uranium and gadolinium exhibit an immiscibility gap in the liquid state. 
Solubility of gadolinium in liquid uranium is reported to increase from 
0.075 w/o at 1150 C to 0.15 w/o at 1250 C.[l) 

Crystallography 

Nothing is known concerning the possibility of compounds in this 
system. 

Reference 

1. H. A. Wilhklm. "Nuclear Fuels Newsletter,” WASH-704 (December, 
1957). Classified. 


URANIUM-GALLIUM 

The Constitutional Diagram 

The liquidus of the system has been determined by Jaffce. (1) In addi¬ 
tion, evidence of two compounds has been reported. Maskrey and I'rost (2) 
reported UGa 3 , while Dempster (3) reported UGa 2 . Because work in the 
United Kingdom [4] tends to support the presence of the second compound, 
it is included with the other data to give a tentative diagram. 

Judging from the liquidus and a reported melting point of about 1J00 C 
for UGa 3 (4), it seems likely that UGa 3 melts congruently. The compound 
UGa 2 , if present, may be stable to some lower temperature. 
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t rat ion data obtained by Hayes (5) and Wilkinson [<>) for temperatures of 
700 and 500 C at the gallium end of the system. 

The solid solubility of gallium in uranium is reported to be very low (6). 

Crystallography 

The data for UGa 3 shown in the tabulation below are from the work of 
Frost and Maskrey (2). Iandelli has also reported UGa 3 , giving a lattice 
constant a = 4.249 A [7]. UGa 2 data reported by Dempster [3] were 
not available. 
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URANIUM-GERMANIUM 

Xo information is available on the constitution of the uranium-ger¬ 
manium alloys, except that a compound, L Ge 3 , has been identified (1, 2). 

C RYSTA LLOG RA PHY 

The crystallography of UGe 3 , as reported by Maskrey and hrost [2), 
is shown below. Iandelli [1] reports a value of a = 4.198 A for UGe 3 , and 
reports UGa 3 , UIn 3 , UT1 3 , USi 3 , and UPb 3 to have similar structures. 
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URANIUM-GOLD 

The Constitutional Diagram 


The uranium-gold system has been studied by Buzzard (1J. The diagram 

tZVn™ mCted fr ° m ^ ° btained by therma, « -icroscopie'and 
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The uranium-rich eutectic is reported to occur at 1105 C and 10.5 a/o 
gold. The gold-rich eutectic is reported to occur at 87.5 a/o gold and 
852 C.[l] 

Two compounds were identified by Buzzard, although the structures 
have not been determined. The compounds appear to be delta (U 2 Au 3 ) 
and epsilon (l'Au 3 ).[l] 

The solubility of uranium in gold appears to be between 0.2 and 0.3 
a/o at 852 C. while the solubility of gold in uranium is approximately G 
a/o at 1105 C.(l] 

Additions of gold lower the transformation temperatures of uranium to 
738 and G47 C. as shown in the diagram [1J. 

Data from the United Kingdom do not agree well with this diagram. 
The National Physical Laboratory reports that as many as six compounds 
may be present in the system.(2] The completeness of the diagram by Buz¬ 
zard and the apparent agreement of data obtained by x-ray diffraction, 
thermal analysis, and metallographic examination lend strong support to 
the diagram shown. 

C KYSTALLOC.KA I’H v 

No information is available on the crystal structure of the compounds 
in the uranium-gold system. 
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URANIUM-HOLMIUM 

Uranium and holmium exhibit an immiscibility gap in the liquid state. 
Solubility of holmium in liquid uranium is reported to increase from 0.025 
w/o at 1150 C to 0.075 w/o at 1250 C.[l| 

Crystallography 

Nothing is known concerning the possibility of compounds in this 
system. 
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gasometric apparatus which is evacuated and then filled with a measured 
amount of hydrogen. The amount of hydrogen absorbed is calculated 
from pressure changes in a known volume. The precision of the method 
is ±0.2 ppm for a 25-g sample [ 1J. 

Mattraw (2) reports a solubility of 8.0 ppm at 20o C and 100-ji pressure. 
These data disagree with those of Mallett [1] by a factor of 230. However, 
it is probable that Mattraw had not observed true interstitial solution of 
hydrogen, but rather chemisorption on the surface of his finely divided 
sample. Samples of small surface-to-mass ratio do not show the anomalous 
high hydrogen pickup.(l) 

Many people have contributed to the present knowledge of UH 3 , the 
only hydride in this system. It has been shown that l'H 3 exists in two 
crystallographic forms.[3, 4| Delta UH 3 (called "alpha” UH 3 by Mul- 
ford), the more recently discovered form, has been produced by reacting 
uranium powder with hydrogen gas at 23 to minus 80 C [3], by reacting 
massive uranium with hydrogen gas at minus 40 C, and by electrolysis of 
a solution of HCIO 4 or Xa 2 C0 3 , where uranium is used as the cathode [4]. 
Mulford suggests that delta is metastable. The yield of delta increases 
as the temperature of formation is decreased.(3] 

Once formed, delta does not decompose during annealing at 100 C but 
does decompose at 250 C. Xo attempt was made to show the delta phase 
in the diagram because epsilon (“beta” l'H 3 ) is the phase commonly 
observed. 

Crystallography 

Uranium hydride has been shown to exist in two forms. Data for both 
delta and epsilon are given in the tabulation along with data for epsilon 
(“beta”) UD 3 . 

The data for delta UH 3 are from Mulford (3). Caillat [4] has confirmed 
this information. He reports that a = 4.101 ± 0.002 A and density is 
11.1 g/cm 3 . 

The data for epsilon UH 3 and epsilon UD 3 are from Rundle.[5, 0] These 
compounds were studied by x-ray, although the structure was resolved 
through neutron-diffraction studies of epsilon l D 3 . 'I he epsilon l H 3 
reported by Rundle was prepared under a pressure of 1800 psi at 500 to 
000 C.[0J Hydride prepared at lower pressures yielded lattice constants of 
a = 0.32 ± 0.001 A. Slightly higher values were obtained in earlier 
work (7, 8). 

The hydrogen atoms in epsilon UH 3 are reported to lie in distorted 
tetrahedra, equidistant from four uranium atoms with uranium-hydrogen 
distances of 2.32 A. There are two types of structures, each with 12 near¬ 
est hvdrogen atoms at this distance. The proposed space group is Pm3n, 
with parameters for 24 (/.) of ij = 0.155 ± 0.02 and Z = 0.31 ± 0.02. 
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These values are sufficiently close to y = 0.1.3G and Z = 0.313 to put 
each hydrogen atom equidistant from four uranium atoms. The structure 
gives satisfactory agreement between calculated and observed intensities.(o] 
The structure of epsilon L'H 3 is unique and is not entirely understood, 
but it is reported that no metallic uranium-uranium bonds of importance 
are present in the structure. The hydride is assumed to be held together 
by uranium-hydrogen interactions. Rundlc suggests that these interac¬ 
tions may be described in terms of delocalized covalent bonds.(6J 
The work of Gibb (9) may be of general interest. 



I "nit cell 

I 

r 


1 


Phase 

Type 

Dimensions. 

Numl»er 

of 

i 

/l IIM 1 J , 

K cm- 1 

Space 

group 

1 

i 

Remarks 



A 

molecules 

X-ray 

Other 



Delta 

(“alpha") 

t*H, 

Cubic 

a - 4.|fiO 
± 0.001 

2 


1 

Pni3n 

i 

Epsilon 

(“beta") 

Vlh 

Cubic 

a - 0.0310 

± 0.0008 

K 

10.92 

10.95 

Pm3n 


Epsilon 

(“beta") 

t’D 3 
l_ 

Cubic 

a - 0.620 
± 0.002 

8 

11.11 


Pm3n 



References 


J ' T " 2KC,AK ' " Hydrogpn r,aniu "' m ' 1 “ tion - 
2. H. C. Matt-raw, J. Phys. Chem., 59, 93 (1955). 

2700) Vi wl %i IULF c RD ’/' H ‘ Elunger and H - Zachaiuaskn (AECU- 

^ 4 1» i ‘ C ' em: S ° C " 76, 297 “ 98 (I954 >- 

of thc Hydridp ° f 

XT by Ncutron 
UraniUm Hydril1 ' " nd D “'" 

9 Thomas C ARIASEN ’ un P ubI| shed information (1943). 

Hydrogen££? ££ ^ 



30 


I X 1)1 I'M 


IRIDIl'M 


(U-92 


URANIUM-INDIUM 

A compound, UIn 3 , has been identified.!I, 2] Solubilities of uranium in 
liquid indium have been reported (3) as given below: 

Temperature, C (.00 650 700 750 800 850 900 

Solubility, w/o 0 08 0.10 0.15 0.25 0.45 0.70 1.05 

CRYSTALLOGRA PHY 

An intermetallic compound, UIn 3 , has been reported.(1, 2J Data for 
UIn 3 are summarized below [2]. Iandelli (1| reports the same structure, 
but gives a slightly lower lattice constant, a = 4.588 A. He has studied the 
following l*X 3 -type compounds: l'In 3 , UOa 3 , UT1 3 , USi 3 , UGe 3 , and UPb 3 . 
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URANIUM-IRIDIUM 

The solubility of iridium in uranium at 890 C is reported 11] to be about 
3 a/o. A compound, UIr 2 , has been identified. 

Crysta lloc; ra i»h y 


An intermetallic compound, UIr 2 , has been reported 12). It has the C15, 
MgCu 2 structure. 
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Grogan (2) reports some details of the uranium-rich alloys Solubilities 
of iron tn urantnm taken from this work are tabulated below. 


Phase 
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Alpha-beta isotherm 

<0.02 iron 
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0.35 iron 
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Crystallography 

The structure of U 6 l'e has been determined by Baenziger (4] and is 
isomorphous with l' 6 Mn, U 6 Co, and U 6 Ni. The observed unit-cell volume 
for U 6 l'e (557 A 3 ) is quite close to the volume calculated by assuming 
additivity of atomic volumes (547 A 3 ). 

The data tabulated for UFe 2 are from the work of Grogan (2). Kauf- 
inann (1) has reported a slightly higher value for the lattice, a = 7.050 A. 
Similar data have been reported by Baenziger (4] and Brook (5], indicating 
that UFe 2 , UMn 2 . and UCo 2 are isomorphous and are the Cl 5-type 
MgCu 2 structure. The compound UXi 2 is reported to have the C 14-type 
MgZn 2 structure. Ternary alloys involving all of these phases are described 
in the section devoted to ternary alloys. 
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URANIUM-LANTHANUM 

Uranium and lanthanum show little miscibility in the liquid state.ll, 2] 
The solubility of lanthanum in liquid uranium is reported to be O./o w/o 
at 1150 C and 0.00 w/o at 1250 C, while uranium solubility in lanthanum 
is given as 0.3 w/o at 1000 C and 1.0 w/o at 1250 C.[ll 
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Data concerning the possibility of compounds in this system are not 
available. 
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chemical analyses of liquated alloy samples. Separated layers formed by 
liquation analyzed 41 to 43 w/o uranium and 1)7.4 to 1)8.5 \v/o uranium. 
It is difficult to account for such a large difference in composition unless a 
region of immiscibility exists. 

The compounds UPb and UPb 3 are pyrophoric and are therefore diffi¬ 
cult to study. The compound UPb is reported to be more pyrophoric than 

is UPb 3 (2). 

The solubility of lead in uranium is quite low, and lead additions have 
little effect on the phase transformations in uranium. The uranium-rich 
eutectic is reported to occur at 99.6 w/o uranium.[2] 

The solubility of uranium in lead has been determined by Teitcl (5], 
who quotes solubilities of 0.002. 0.046, 0.26, and 0.59 w/o at 416, 612, 806, 
and 1000 C, respectively. 

Crystallography 

The structure of UPb has been reported by Teitel (5). Numerous de¬ 
terminations of the structure of UPb 3 have been made, and parameters of 
4.73 A [4], 4.795 A [3J, and 4.7934 A (2) have been reported. The structure 
in the tabulation is from Muskrey and Frost (2), but the parameter is from 
Teitel [5]. 
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URANIUM -LUTECIUM 


Uranium and lutecium exhibit an immiscibility gap in the liquid state. 
Solubility of lutecium in liquid uranium is reported to increase from 0.2 
w/o at 1150 C to 0.4 w/o at 1250 C.(l) 

Crystallography 

Nothing is known concerning the possibility of compounds in this 
system. 
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URANIUM-MAGNESIUM 


The Constitutional Diagram 

The magnesium-uranium diagram shown has been worked out hv in¬ 
vestigators at Ames Laboratory.! 1J The immiscibility of the two metals 
has been cited by others (2, 3). ' 
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MAGNESIUM, w/o 




Uranium and magnesium arc almost completely immiscible, even at 
high temperatures. At 1150 C and 3-atm pressure, 0.14 w/o uranium is 
soluble in magnesium, while only 0.004 w/o magnesium is soluble in 
uranium. The solubility of uranium in magnesium is reported to decrease 
to 0.05 w/o at 075 C and to 0.005 w/o at 050 C.[l] In a more recent deter¬ 
mination of uranium solubilities in magnesium, values of 0.002 w/o at 
050 C and of 0.17 w/o at 1132 C were obtained.[4] 


The melting points of magnesium and uranium and the transformation 


temperatures in uranium arc affected very little in these alloys. 


CIIYSTA LLOG It A PH Y 

There are no compounds in the uranium-magnesium system. 
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Wilhelm (l| reports that beta manganese, designated as zeta, is stabilized 
to room temperature in the region between epsilon (l'Mn 2 ) and 100 per 
cent manganese. All data indicate that uranium is soluble in manganese 
to some extent, but little actual detail is known. 

It has been reported (2J and confirmed (3] that beta uranium can be 
retained by small additions of manganese. 

The solubility of manganese in uranium has been reported to be less 
than 4.3 a/o manganese (1 w/o) in the gamma and about 1.1 a/o manga¬ 
nese at G20 C (11. 


CliVSTALLOGHA I’ll V 

The structures of l' 6 Mn and UMn 2 are described in the tabulation. 
1 he intermctallic compound I’cMii has been thoroughly studied by Baen- 
ziger (4) and is isomorphous with U 6 l'e, U 6 Co, U c Xi. It has a unit cell 
volume of about 550 A *, which is quite close to the volume determined or 
estimated by addition of atomic volumes. The atomic positions can be 
described on the basis of space group 14/mcm, although a possible varia¬ 
tion from these positions in space groups 142 and I4c2 has not been 
eliminated. 

Nearly identical data have been reported for UMn 2 by Baenzigcr (4] 
and by Bowles [5]. The data tabulated are from Baenziger. The com¬ 
pound IWI 112 is the ('15-type MgCu 2 structure. Bowles reports the lat¬ 
tice constant to be a = 7.14(> A. The compound UMn 2 is isomorphous 
with rCo 2 and UI'c 2 and may be isomorphous with other uranium com¬ 
pounds. The compound UXi 2 , however, is unique and crystallizes in the 
Cl4-type MgZn 2 structure. Ternary alloys involving these phases are 
reported in the section devoted to ternary alloys. 
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were obtained by means of a sealed system, the pressure varied and was as 
high as several hundred atmospheres. 

The diagram of Wilson (1) is identical, except that mercury vapor was 
in equilibrium with the uranium-mercury compounds and with uranium 
above the boiling point of mercury. 

This is a very difficult system to study. A special means of preparing 
alloys is necessary, the high vapor pressure of mercury presents a special 
problem, and the intermetallic compounds are pyrophoric in nature and 
therefore require special techniques in handling. 

It is of interest that Wilson and Frost used the same method of alloy 
preparation. Essentially, it consists of hydriding uranium, dehydriding 
under vacuum, and reacting mercury with the resulting uranium powder. 


Crystallography 


The tabulated data for UHg 2 , UHg 3 and UHg 4 are from Rundlc [3]. 
Frost has reported similar information for UHg 2 and UHg 3 but was unable 
to obtain a more certain analysis of the UHg 4 structure. According to 
Frost, UHg 2 has a complex hexagonal structure with a = 4.934 A and 
c = 3.503 A, while UIIg 3 is close-packed hexagonal with a = 3.320 A and 
c = 4.875 A. The UIlg 3 structure is reported to be a random structure.(l) 
It is reported that the unit cell volumes of these compounds, within the 
limit of accuracy of the work, are equal to the additive atomic volumes. 
This equivalence is interpreted to mean that the binding is purely metallic 
in nature.[ 1] 
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results indicated that the intermediate delta phase exhibited a wide 
solubility range from about 20 to 88 a o molybdenum at the isotherm 
temperatures. When annealing times on the order of a month are involved, 
this wide solubility range is observed. However, Halteman (8) has since 
demonstrated that still more prolonged annealing narrows the region to 
about 81.5 to 82.5 a/o molybdenum. The diagram shown is based upon 
these results and confirms the earlier interpretation of Sailer, Hough, and 
Vaughan (8). 

There appears to be some difference of opinion regarding the solubility 
of molybdenum in alpha uranium, l’feil (2) has reported a peritectoid alpha 
formation with a solubility of about 8 or 4 a/o molybdenum in alpha. This 
report is contrary to the work of both Ahmann (1J and Sailer [8), who car¬ 
ried out an intensive study of this region. It is true that several a/o of 
molybdenum can be retained in what might be described as a supersatu¬ 
rated, or distorted, alphalike structure. However, cold working followed 
by annealing for long periods produces two-phase structures that indicate 
a maximum solubility of about 0.5 a/o molybdenum, or less, in the alpha. 
Thermal analyses also indicate a lowering of the beta-to-alpha transfor¬ 


mation, even during heating (8]. The maximum solubility in the beta 
phase is about 1.0 a/o molybdenum. It has been demonstrated that the 
beta phase can be retained to room temperature by quenching alloys of 
about 1 a/o molybdenum. The retained structure is metastable and 
transforms slowly during long periods of room-temperature aging.[3] 

The solubility of uranium in molybdenum is quite limited and appears to 


be a maximum of about 2 a/o uranium at 1285 C (!)]. 


Crysta LLOCJHA I’ll y 

The delta phase has been studied by a number of investigators, and it is 
generally agreed that it is an ordered structure. The data in the tabulation 
are from the work of Halteman (8), who reports that the tetragonal delta 
phase is of the Cl lb MoSi 2 type and can be considered as an ordered form 
of gamma in which the molybdenum atoms assume special positions in a 
unit cell composed of three body-centered pseudocubes. 

I’feil and Browne (7] had earlier reported the structure to be body- 
centered tetragonal with a = 8.425 A and c = 3.282 A, which is the same 
structure reported by Tucker (4). However, the diffraction pattern reported 
by Tucker was found to be incomplete; also, the observed intensities could 
not be accounted for on the basis of this structure. Upon this basis. 
Sailer (8] and Halteman (<»] had proposed a body-centered tetragonal 
phase with a = <>.84 A and c = (>.55 A. However, the more detailed an¬ 
alysis of Halteman (8| leads to the tetragonal cell with a = 3.427 A and 
c = 0.884. 
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URANIUM-NEODYMIUM 


Neodymium is only partially miscible with uranium in the liquid 
state.J 1, 2) The solubility of neodymium in uranium is reported to in¬ 
crease from 0.15 w/o at 1150 C to 0.2 w/o at 1250 C. Solubility of uranium 
in neodymium is given as 1.1 w/o at 1000 C and 2.0 w/o at 1250 C.[2] 
Chysta llog n.v ph y 

Probably there arc no compounds in the uranium-neodymium system. 
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URANIUM-NICKEL 


NICKEL , w/o 



Tiie Coxstitutioxal Diagram 


The diagram shown for the uranium-nickel system is the work of 
Grogan and IMensance (I). Its general shape is similar to that reported by 
Foote [2], except for the fact that Grogan reports seven intcrmetallic com¬ 
pounds while Foote reports only four. The structures of l oXi, UN 12 . 
and l'.\i., have been worked out by Haenziger (3J. Attempts by Baenziger 
to analyze the x-ray pattern presumed to correspond to l T Xi revealed that 
the structure was too complex to interpret on the basis of the powder 
data available. Williams, in an appendix to the report of Grogan (1), 
has resolved x-ray data of alloys in this region into two separate patterns 
designated as U 7 Xi 9 and UsXi 7 , although the structures have not been 
determined. 

Intermediate between UXi 2 and UXi 5 , another pair of compounds has 
been proposed by Grogan. Patterns of x-ray diffraction maxima are re- 
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ported for these materials, although the structures have not been deter¬ 
mined (1]. The existence of both compounds was proposed after fairly 
elaborate heat-treating experiments and examination by a variety of 
techniques. 

Alloys in the range of 40 to 47 w/o nickel were found to have some malle¬ 
ability and could be flattened with a hammer, although cracking occurred 
in the process. This behavior is reported (1J to be unlike that of the other 
compounds, which were brittle. 

The solubilities in the terminal phases are quite limited.(I, 2] Solubility 
in the gamma-uranium appears to be a maximum of about 2 a/o nickel 
at the U 6 Xi peritectic temperature. It decreases to about 1.25 a/o at 
the gamma-to-beta cutectoid. The beta solubility at the gamma-to-beta 
eutectoid appears to be about 1.0 a/o nickel and decreases sharply to 
perhaps 0.1 a/o nickel at 700 C. The solubility of nickel in alpha uranium 
is quite small at all temperatures. 


Crystallography 


The compound U 6 Xi together with the compounds U 0 Fe, U 6 Co, and 
U 6 Mn have been studied by Baenziger (3). All have a unit-cell volume 
tY l e V0lume obtained by addition of atomic values, or about 
7, A • T “. ato T Positions can be described on the basis of space group 
14/mcm although a possible variation from these positions in space 
groups 142 and I4c2 has not been eliminated. 

Nearly identical data have been reported for UNi 2 by Baenziger [31 and 
y owlcs [4] The data in the tabulation are from Baenziger The UNi, 
picture IS the Cl4-type, MgZn 2 structure, unlike UFe 2 UMn 2 a^d 

vomL'S 7 ,he C,5 -’ yPe ' MgCu * "Ternary alloys , 
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URANIUM-NIOBIUM 

The Constitutional Diagram 

The diagram shown is from Rogers |1| and Browne (2), and represents 
essential confirmation of work of earlier investigators (3,4), although re¬ 
visions in certain boundaries have been made. 

The complete solubility of gamma uranium and niobium is agreed on 
by all investigators (1-5), although there is disagreement as to the extent 
of the gamma 1 -plus-gamma 2 region. Sawyer (3) reports the region as 
extending from about 11 to 78 a/oat 045 C, while Rogers (1) and Browne (2) 
report the monotectoid to occur at 16 =fc 1 a/o niobium and 045 C, but 
give values of 73 and 70 a/o, respectively, for the niobium-rich limit of the 
gamma i-plus-gamma 2 region at this temperature. Dwight (5) reports the 
monotectoid as occurring at 19 a/o niobium and 034 C, the latter tempera¬ 
ture being in agreement with its determination by Bauer (0). 

On the basis of a tetragonal structure observed in quenched alloys con¬ 
taining 14 to 20 a/o niobium and thermal arrests ranging in temperature 
from 075 to 725 C for alloys containing 9.0 to 17 a/o niobium, Dwight 
suggests an ordering of the gamma phase in the region of the monotec¬ 
toid (5). While additional investigation is required, the tetragonal structure 
may be ascribed to a transition structure in the metastable-gamma de¬ 
composition. 

There is some question concerning the nature of the alpha-to-betn 
transformation at the uranium-rich end of the system. Although most 
investigators (2, 3, 5, 0) agree that the reaction occurs pcritectoidally, 
alpha has also been described as forming in a eutectoid reaction (1,4). 
A shift of less than ±5 C in the alpha-to-beta transition temperature is 
agreed to by all investigators. 

Solubilities in the alpha and beta phase are reported to be extremely 
limited. Browne (2) gives the maximum solubility in each phase as being 
between 1 and 2 a/o niobium. 
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Crystallography 

There are no compounds in the uranium-niobium system. 
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URANIUM-NITROGEN 

Although no diagram has been constructed for the uranium-nitrogen 
system, considerable information is available. Katz and Rabinowitch (1) 
have surveyed the work on the system and report the existence of three 
compounds, UN, U 2 N 3| and UN 2 . The system is two phase between the 
mononitride, UN, and the sesquinitride, U 2 N 3 . Continuous solubility 
has been proposed between U 2 N 3 and UN 2 , since the U 2 N 3 lattice is 
a distorted-fluorite structure, and the UN 2 lattice is a fluorite-type 
structure.[2] This is questioned by work of Vaughan [3] who reports 
that U 2 N 3 has a hexagonal structure. The structures are discussed in 
detail in the section on crystallography below. 

The mononitride, UN, melts at about 2630 ± 50 C.(4) It is quite stable 
in vacuum at 1700 C, and sinters at 2300 C.[l] 

The sesquinitride, U 2 N 3 , loses nitrogen in vacuum at temperatures 
above 700 to 800 C. It is stable only to 1300 C, where it decomposes to 
form l N plus N 2 at low pressures.! 1] Under high pressures, U 2 N 3 de¬ 
composes to UN plus UN 2 at about 1300 C, with a volume decrease of 
about 13 per cent.(2) 

The solubility of nitrogen in uranium is limited. The solubility of 
uranium in the mononitride, UN, is also limited.! 1J 

Early reports of U 4 N 7 seem to be attributable to the observation that 
the U-plus-N 2 reaction at 1-atm pressure reaches a maximum composition 
of UN,. 75 .[2) 

CltYSTA LLOG RA PHY 

The tabulated lattice constants and data for UN, U 2 N 3 , and UN 2 are 
from the work of Rundle [2], The lattice constant of UN has varied as 
much as 4.899 A. This extreme variation is attributed to the presence of 
carbon or oxygen instead of solubility of nitrogen in UN. It is very diffi¬ 
cult to avoid small amounts of these contaminants during preparation.(2) 

As the nitrogen-to-oxygen ratio is increased from 1.5 to 1.75, the U 2 N 3 
lattice constant decreases from 10.678 to 10.580 A; from 1.75 to 2.00 it in- 
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creases from 10..580 to 10.(»2 (2 X .5..41) A. The decrease is interpreted to 
mean that there is solubility over the entire range between the distorted- 
fluorite structure of U 2 X 3 and the fluorite structure of l'X 2 .(2J 
Vaughan [3], on the other hand, reports that l' 2 X 3 has a hexagonal lat¬ 
tice with a = 3.70 and r = .5.80 A. This structure appears to be con¬ 
sistent with the structure of 1 h 2 X* 3 , which is hexagonal with a = 3 87 
and c =0. IGA. 
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URANIUM-OXYGEN 



The Constitutional Diagka.m 

Although much work has hecn done on the system, the constitution of 
uranium-oxygen alloys is somewhat uncertain. Katz and Rabinowitch [1J 
reviewed the system in considerable detail, but were unable to resolve all 
of the areas of conflicting information. Apparently, experimental results 
and interpretation are highly dependent upon the starting materials and 
method of specimen preparation. 

The solubility of oxygen in uranium is small even in the liquid state. 
Cleaves [2] observed solubilities of about 0.05 a/o oxygen at the melting 
point of uranium and about 0.1 a/o and 0.4 a/o oxygen at 1400 and 2000 C, 
respectively. 
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The solubility in solid uranium is even less; it is difficult to determine 
exactly because of the presence of other minor impurities ( 3 ). 

I he region between L 0 2 and L 3 O 8 has been studied more intensively 
than any other portion of the system. The diagram shown for this region 
is from Gronvold [4J and is similar to the diagram published by I’erio ( 5 J 
with the major refinement being that Gronvold shows a solid solution range 
of oxygen in UO 2 at elevated temperatures. Vaughan and Schwartz [OJ 
and Willardson (7] report a wider solubility range both at room and ele¬ 
vated temperatures; at room temperature the range is reported as U () 2 
to about U 0 2 . 10 . 


I here appears to be fairly general agreement on the existence of three 
stable uranium oxides in the range shown: (1) the fluorite-tvpe dioxide 

♦1 0 fl ' 2 the ° X,de U4 ° 9 (also re P°rted as beta U0 2 ), which maintains 
the fluorite structure with the apparent addition of an interstitial oxygen 
atom; and (3) the orthorhombic oxide (U 3 0 8 ). 

One or more tetragonal oxides form in the region from UO 2 . 30 to VO , 4 „. 

nh °;: Ver ; ! T Y ° f theS ° phas0s a PP ears t0 be questionable. The 

tt i: r h, P/ ShOWn W,th respe<,t to ihcsc oxides are based upon 
the examination of specimens prepared by the low-temperature oxidation 
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U 3 0 8 [1,9,10,121 interpreted as being the same structure as 
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1 he upper limit of l 3 0 8 is in question. Tiering and Perio [9] report a 
definite limit at 2.G7. On the other hand. Katz and Rabinowitch (1] report 
that the similarity of the U 3 0 8 and one of the 1'0 3 structures makes a 
gradual and continuous transition between the two both possible and 
plausible. 

In addition to the oxides shown in the region from U0 2 to U 3 0 8 , the 
sodium chloride-type monoxide (UO) and the trioxide (U0 3 ) with three 
allotropic modifications [1] have seen reported. 

The melting point of U0 2 is about 2875 C [15]. 


Crystallography 

The monoxide (10) has the sodium chloride-type structure. There 
appears to be limited solubility of oxygen in 1 * 0 , and the lattice constant 
does not vary greatly. The tabulated data for UO are from the works of 
Rundle [14]. However, there is some question about the stability of the 
TO phase. UO, UX, and l*C are reported to be isomorphous [12], and on 
the basis of the inability [<»] to prepare an extremely pure sample of UO. 
this phase may represent a solution of oxygen in the nitride or carbide 
lattice. 

Uranium dioxide is cubic and has the fluorite-type structure. The data 
for U0 2 are also from Rundle. Numerous data on U0 2 are summarized 
by Katz and Rabinowitch [1] that show a variety of values for the l*0 2 
lattice constant. These generally fall within the lattice constants given by 
Rundle, who reports that the U0 2 lattice can be increased to a = 5.4720 ± 
0.0007 A by heating U0 2 with uranium. Similarly, it can be decreased to 
a = 5.4407 ± 0.0008 A by increasing the oxygen content. 

The data for the U 4 O 9 phase are from Gronvold (4). The high density, 
11.159 g/cm 3 , is taken as evidence of the interstitial solubility of oxygen 
in the fluorite U0 2 -like structure. 

It is difficult to determine whether a single phase with a wide solubility 
range or whether more than one tetragonal phase exists in the region 
UO 2 . 30 to UO 2 40 . Diffusion is very slow at the temperatures at which 
these phases form, and it is questionable whether equilibrium is attained. 
The tabulated data for the U 3 0 7 phase are from Perio [5]. The tetragonal 
oxides are apparently characterized by an increase in the c/a ratio with 
increasing oxygen content. 

The oxide U 2 0 5 [13, 14] is reported to have an orthorhombic structure 
with a = 6.73 ± 0.02 A, b = 31.71 ± 0.1 A, and c = 8.29 ± 0.02 A. 
This structure contains a pseudo cell with a = 6.73 A, b = 3.964 A, and 
c = 4.145 A, which is closely related to the structure of U 3 Og (tabulated) 
as reported by Zachariasen. The pseudo cell is identical with the T 3 0 8 
structure as reported by Gronvold [ 8 ]. For that matter, Rundle reports a 
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single-phase region between U 2 0 5 and U 3 0 8 |14]. It appears that the 
varying reports all concern a continuous series of solid solutions. 

X-ray data for two of the three trioxide (U0 3 ) modifications reported [1] 
are tabulated. “Alpha” IJO 3 , tabulated as hexagonal, was reported by 
Zachariasen (10], and is orange. It was formed by reacting amorphous 
U0 3 at 500 C for 8 hr under 20 atm of oxygen pressure. The “beta” U0 3 , 
tabulated as orthorhombic, was reported by Perio (17). It is yellow and 
was formed by heating amorphous U0 3 in sealed tubes at about GOO to 
020C. Under these same test conditions, U0 3 decomposed at 610 to 
/40 C to form the orthorhombic U 3 0 8 (17]. 

Additional references are included (18-21]. 

No anhydrous higher oxides appear to be stable.( 1 ] 
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URANIUM-PALLADIUM 

The Constitutional Diagram 

The diagram shown is that of Catterall, Grogan, and Pleasance [1]; it 
differs in many respects from the tentative diagram of Park [2]. The latter 
reported two compounds, UPd 2 and U 3 Pd 7 , stable to room temperature in 
addition to the congruently melting UPd 3 . 
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in palladium; Cattcrall [ 1 ] quotes solubilities of 22.2 a/o at 700. 800, and 
900 C; 21.9 a/o at 1180 C, and 21.8 a/o at 1400 C. 

C RVSTAL LOO RAPHY 

The structure of l'Pd 3 has been reported by Heal and Williams [3] and 
confirmed by Catterall ( 1 ), who also reported a variation in the lattice 
parameters with composition; thus, a uranium-rich sample gave c = 
9.041 A, a = 5.709 A, and c/a = 1.071, whereas a palladium-rich sample 
gave c = 9.520 A, a = 5.703 A. and c/a = 1.053. 
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URANIUM-PHOSPHORUS 

Several uranium-phosphorus compounds have been reported. No other 
information is available. 


C RYSTA LLOG RA PH Y 

The reported structures of UP (1,2), U 3 P 4 [2], and UP 2 [3] are tabu¬ 
lated below. Additional references are given.[4, 5] 
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The Constitutional Diagram 


The system has been studied 
constructed. 


by Park [1], and a tentative diagram 


Two eutectics occur in the system, one at 12 a/o platinum and another 
at DO a/o platinum. Four intermetallic compounds have been identified. 

Maximum solubility on the gamma-uranium phase is reported to be 
0.5 a/o platinum at the eutectic temperature.! 1J Solubilities of about 3.0 
and 0.3 a/o in the beta- and alpha-uranium phases, respectively, are 
indicated. 

Approximately 5 a/o uranium is soluble in platinum. 


Crystallography 


The crystal structures of UPt 


2 [2] and l'Pt 3 (3) have been determined. 
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good diffraction patterns. The delta phase, while cubic at room tempera¬ 
ture, expands anisotTopically when heated. The powder pattern splits in 
accordance with tetragonal symmetry; consequently, the structure given 
below is for room temperature. 
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URANIUM-PRASEODYMIUM 

Uranium and praseodymium are only partially miscible in the liquid 
state [1,2]. The solubility of praseodymium in uranium is reported as 
0.2 w/o at 1150 C and 0.4 w/o at 1250 C, while the solubility of uranium 
in praseodymium is given as 1.0 w/o at 1000 C and 2.2 w/o at 1250 C.(2] 

Crystallography 

Probably there are no compounds in the uranium-praseodymium system. 
References 
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URANIUM-RHENIUM 

While a diagram is not available for the system, a number of observa¬ 
tions concerning uranium-rhenium alloys have been reported.(1) 

There are apparently two compounds in the system: U Re 2 which melts at 
a temperature in excess of 1200 C, and an ordered structure with a limited 
temperature range of stability containing 8 to 10 a/o rhenium. At 1000 
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URe 2 exists in equilibrium with gamma uranium which is replaced at 800 C 
by i\n optically anisotropic phase with an ordered structure similar to that 
of Uo-Mo. At lower temperatures, beta uranium containing -I a/o rhenium 
was found to decompose eutectoidally at 025 to 080 to alpha uranium and 
URe 2 . 

fairly extensive solid solubility of rhenium in gamma uranium is in¬ 
dicated, up to 10 a/o rhenium being retained in solid solution in rapidly 
cooled small melts. Peritectic formation of the gamma phase is probable 
a thermal arrest being detected in a 7.5 a/o rhenium alloy at a temperature 
of JloO to 1200 C. The solid-solution region decreases rapidly initially, 
W,t ,‘ 0 ;/o rhenium being soluble in gamma uranium between 800 

and 1000 C; little variation in solubility with temperature is observed 

" 1 ™ Uge , , ThC so,ublllt - v of rhe,, ium in alpha uranium is about 1 a/o 
at ooU L and decreases to less than 0.5 a/o at 000 C. 

The gamma phase can be retained in alloys containing 5 a/o rhenium 

but decomposition to a distorted alpha structure proceeds at room tem- 

p aturc. 1 he distorted alpha structure is developed on quenching alloys 
containing 4 a/o rhenium. 

CHYSTA LLOG RA PH Y 

it hn! C T P0UUd Vo C 2 exhibitS two a,lotr °P ic forms. Above 180 ±3C 

h ! Xag0,mI CH - type structure ’ below this temperature an’ 
thorhombic structure based on a distorted Cl 4-type structure The 
data below are from Hatt (2J P structure. I he 
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The Constitutional Diagram 


The features shown have been determined by Yorke [lj and are con¬ 
firmed in form by the work of Park (2). The eutectic occurs at 22.5 a/o 
rhodium and 885 C. There is considerable solubility of rhodium in the 
gamma-uranium phase. Yorke reports solubilities of 9 ± 1 a/o at 885 C 
and 8.5 ± 1 a/o at 850 C. Park reports the gamma-to-beta transforma¬ 
tion is depressed to 780 C. 


C RYSTA LLOG HA I*H Y 

The crystal structure of URh 3 has been determined (8) as below. 
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reports throe additional compounds in this range, between URu and 
l'Ru 3 ; these are r 3 Ru 4 , U 2 Ru 3 , and U 3 Ru 5 , the latter decomposing eutec- 
toidallv at 870 C' to U 2 Ru 3 and UR 113 . 

The addition of ruthenium to uranium lowers the beta-to-gamma and 
alpha-to-beta transformation temperatures. Park |1] reports values of 
09.4 and 018 (', respectively, for these temperatures and 885 C for the 
eutectic temperature, while Dwight [2] reports values of 708, 640, and 
898 C, respectively. 

Crysta llography 


The crystal structure of l’Ru 3 has been reported by Heal and 
Williams (5|. 
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URANIUM-SAMARIUM 

Uranium and samarium show little miscibility in the liquid state. The 
solubility of samarium in liquid uranium is reported to be 0.2 w/o at 
1150 C and 0.25 w/o at 1250 C, while uranium solubility in samarium is 
given as 0.5 w/o at 1000 C and 1.3 w/o at 1250 C. 

Crystallography 

Data concerning the possibility of compounds in this system are not 
available. 
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URANIUM-SELENIUM 

Data on the uranium-selenium system are incomplete. Ferro reports the 
presence of three compounds, USe, U 2 Se 3 . USe 2l in addition to a selenium- 
rich phase. The L Se 2 may exist in two polymorphic forms. In an earlier 

review by Katz and Rabinowitch, the compounds U 2 Se 3 and l'Se 2 had 
been reported.(2) 


Crystallography 

The crystal structure of USe has been determined by Ferro as given 
below. A ternary compound, UOSe, occurring in contaminated allows, has 
been identified as having tetragonal symmetry and being of the PbFCI- 
type with a = ,3.901 A, c/a = 1.789. 
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URANIUM-SILICON 

The Constitutional Diagram 

termte7“ f r],fXaT T ^ 7'"“°" h ” s 

mula U Si ; c k 1 ] shown ln the accompanying figure The for 

forms ofusi,, «elrusn ° f 121 - " h <>»'--pcrt 

There is nodisagree^ th ° U *®» ° f 

(USi) [I, 2], and iota (U S " ) fl 4 th ^ COm P ou, ^ s (U 3 Si) [1, 2), zeta 
delta (U 3 Si) actually has a vei^ nnS 0 '^ 61- ’ KaU mnnn W re Ports that 
s * iic ° n ’ than 23 */° 




TEMPERATURE ,C 


SILICON 


-92 




SILICON, w/o 


1700 (opproi » 




I L*C I 


2800 


1400 


2600 


2400 


1200 


u. 

2200 ' 


C I C* 7 ? i T+S 




• • 


1 

[ 

1 

1 f* 

t/> 1 







O' 




SILICON, o/o 


1000 

00 


C HYSTA LLOG UA PHY 

The data tabulated are from Zachariasen [2], except for iota (USi 3> 
which is from Ivaufmann (1]. The discrepancies between these data and 
the constitutional diagram are explained above. 

The structure of iota (USi 3 ) has been determined by others [3, 4) and 
is reported to be the L12-type, isomorphous with UGa 3 , UIn 3l f ( »e 3 , 
UPb 3 , UA1 3 , and USn 3 [3J. 
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Zachariasen (2) reports that delta (U 3 Si) is the only one of the inter- 
metallic compounds in this system which does not have covalent bonds 
between silicon atoms and therefore is metallic in nature. This generaliza¬ 
tion presumably excludes USi 3 , since Zachariasen did not report on it. 

In epsilon (U 3 Si 2 ) the silicon atoms are bonded together to form pairs 
normal to the fourfold axis. In zeta (USi), the silicon atoms are bonded 
together to form endless zigzag chains along the e-axis. In theta (“beta” 
US* 2 ), the silicon atoms form "graphite layers" normal to the sixfold axis- 

and in eta (“alpha” USi 2 ), a three-dimensional network of silicon atoms 
occurs, with uranium atoms in the interstices 
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SILVER, o/o 

The Constitutional Diagram 

Early work on (he uranium-silver system (1,2] indicated that uranium 
and silver are immiscible in the liquid state. More recently, the diagram 
has been mapped out rather thoroughly by Buzzard and co-workers (3]. 

The accompanying diagram is from the work of Buzzard (3). lC 
monotectic reaction is reported at 1132 C, on the basis of a uranium me t¬ 
ing point of 1133 C. Buzzard reports the monotectic composition to be 
about 0.23 w/o silver at 1132 C, while Wilhelm reports it to be about 
0.05 w/o silver (4). Work from the United Kingdom reports the monotectic 

at 0.28 w/o silver (2J. _ , 

The eutectic at the silver-rich end occurs at about 94.0 w/o silver an 
950 C 13], although another report indicates that it occurs at about lo a/o 

uranium [2]. 
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The maximum solubility in silver is between 0.1 and 0.4 w/o uranium. 
Because there is no appreciable solubility of silver in uranium, silver has 
little effect on the uranium transformation temperatures ( 3 ). 


CRYSTALLOGRA PH Y 

There are no intermetallic compounds in the uranium-silver system. 
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URANIUM-SODIUM 


leJ h tL S n 0l n b n- ty f Ur T iUm in Ii(,uid sodium at 97 -8 C is reported to be 
sodium " °'° 0 * W {° e ai , ld may be many t« n «s smaller [Ij. Uranium and 

retr„Tr or io,,e periods ° f ,ime at 550 c *> x h 


CRYSTA LLOG HA PHY 

Probably there are no compounds in this system. 
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Various reports indicate that l'S 2 exists in two forms [5, 7, 8]. The 
transition temperature from the orthorhombic to tetragonal form is re¬ 
ported to be about 1350 C. Below this temperature, the two forms can 
coexist [7]. 

Additional discussion is available [8]. 


C H YSTA LLOG RA I’HV 

The crystallography of the compounds US, U 5 S 3 , l' 2 S 3 , “alpha" US 2 . 
and “beta" US 2 is tabulated below. The data for U 5 S 3 , U 2 S 3 , and beta 
US 2 are from Picon [4. 7] while the data for US and alpha US 2 are from 
Zaehariasen [1]. Picon (7] gives the following for alpha US 2 : orthorhombic; 
a = 4.12. b = 7.11. c = 8.40 A: density. 8.07 =fc 0.00 g/cm 3 . Data for 
l' 2 S 3 are given by Zaehariasen (1] as follows: orthorhombic; a = 10.41, 
b = 10.05, c = 3.S9 A; density, 8.78 g/cm 3 . 

A subsulfide has been reported by Zumbusch [9]. Zaehariasen [2] at¬ 
tributes this report to UOS. which has been found to have a tetragonal 
structure with a = 3.835 ± 0.001 and c = 0.081 ± 0.001 A, with a 
density of 9.00 g cm 3 . The UOS structure is the PbFCl-tvpe with a 
P4 nmm space group. 
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The Constitutional Diagram 

Early work by Ahmann [1) indicated that no intermetallic compounds 
exist in the uranium-tantalum system and that a peritectic reaction occurs 
at the uranium end of the system. Schramm, Gordon, and Kaufmann [2] 
studied the system more intensively and established the constitutional 
diagram as shown. 

Both tantalum and tungsten form peritectic systems with limited solid 
solutions. In the case of tantalum, the peritectic temperature is 1175 C. 
The solubility of tantalum in uranium and of uranium in tantalum is 
probably less than 2 a/o [ 2 ]. 

A ternary carbide, approximating UTaioC. 4 , was observed which is more 
stable than the carbides of either uranium or tantalum alone. This car¬ 
bide is of low symmetry but the structure is undetermined [2]. A second 
ternary carbide is reported to be face-centered cubic with a = 4.41 A. 

Data from the United Kingdom support the general features of the sys¬ 
tem uranium-tantalum (3). 

CRYSTA LLOG RA PHY 

There are no intermetallic compounds in the uranium-tantalum system. 
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URANIUM-TELLURIUM 

The uranium-tellurium system is incompletely known; however, l erro 
reports the compounds UTe, U 3 Tc 4 , U 2 le, and Ule 2 , in addition to a 
phase of higher tellurium content.[l] The latter phase may correspond to 
the UTe 2t2 described by Montignie.(2) Katz and Rabinowitch, in an earlier 
review of the system, concluded that UTe, U 2 Te 3 , and l Ie 2 2 were 
among the compounds found in the system.[3] 
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Crystallography 

The str,Ktures bcloiv for ITe, U 3 Tc 4 , and UTc 2 are from Ferro (Ij. 
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URANIUM-TERBIUM 

Sir ; m “wibility gap i„ the liquid 
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CrYSTA LLOORA PH Y 

Nothing is known concerning the Dossil-till. i. ^ r 
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URANIUM-THALLIUM 

An intennetallic compound, UT1 3 , has been reported.[1| Solubility of 
uranium in liquid thallium is reported to increase from 0.12 w/oat 800 C 
to 0.17 w/o at 000 C. 


Crysta llogha i»h y 


The tabulated data for l'Tl 3 are from the work of landelli and Ferro 
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URANIUM-THORIUM 


The Constitutional Diagram 

The diagram shown is based upon the work of Carlson [1,2], modified 
to include the results of Hen tie [3] at the high-thorium end of the system. 
The general characteristics are confirmed by Murray [4], except that the 
immiscibility gap is reported to extend from (> to 50 a/o thorium. 

Solubility of thorium in uranium is very limited, being 0.30 a/o thorium 
at 900 C and less than 0.5 a/o thorium at 700 C [4]. 

The details of the high-thorium portion of the system were determined 
by electrical-resistivity measurements and room-temperature x-ray lattice- 
parameter measurements. Solubility of uranium in thorium is given as 
being 0.7, 1.1, 1.1, 1.8, and 2.7 w/o at 25, 000, 800, 1000, and 1100 C [3]. 
Bauer [5] gives values of 0.7, 0.7, and 1.75 w/o uranium at 800, 900, and 
1000 C, while Murray reports values of 1.0 and 2.45 a/o at 800 and 1300 C, 
respectively. Wilson [(>] reports slightly higher values, giving 2.5, 4.5, and 
7.5 w/o uranium at 950, 1150 and 1250 C on the basis of high-tempera¬ 
ture x-ray measurements. 
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C HYSTA LLOG HA I>| i y 

There are no inlermotnUic eon,pounds in (he system nraniun,-thorium. 
References 
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URANIUM-THULIUM 

Uranium and thulium exhibit an immiscibility gap in the liquid state. 
Solubility of thulium in liquid uranium is reported to increase from 0.025 
w/o at 1150 C to 0.075 \v/o at 1250 C [1]. 

Crystallography 

Nothing is known concerning the possibility of compounds in this system. 
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The Constitutional Diagram 

The diagram shown was determined by Treick and associates (lj. Ex¬ 
cept for USn 3l the compound compositions are not accurately known be¬ 
cause of the pyrophoricity of these compounds and the consequent difficulty 
1,1 handling [2J. The diagram is based on the result of metallographic 
examination, thermal analysis, and x-ray diffraction. 

The US113 has also been reported by Maskrey (3). 


Crystallography 


Data are available only for USu,. The data in the table are from Run- 
die |2J. Maskrey reports similar information, giving a value a = 4.G2G A 

It is an ordered phase and is reported to be isomorphous with UA1 3 ,’ 
UGa 3f Urn 3 , USi 3 , and UPb 3 .(3j 3 ’ 
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The Constitutional Diagram 
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TITANIUM, w/o 



delta (U 2 Ti) phase region, reports [I] a very limited range of solubility for 
U 2 Ti on the basis of both metallographic and x-ray studies, which showed 
that little change in parameter values was observed with change in com¬ 
position in the vicinity of the delta phase. Udy and Boulgor had re¬ 
ported [2] a solubility range for the delta (U 2 Ti) phase of from about 28 to 
42 a/o titanium. 

Early reports of a peritectic reaction at the uranium end of the svstem 
are undoubtedly in error.(3) 

Minor differences in remaining features of the diagram have been re¬ 
ported. Knapton (1) places the gamma eutectoid at 4 a/o titanium and 
723 C. Udy (2] reports G.O a/o and 718 C for the same point. The eutectoid 
at the titanium end of the system has been reported as 83 a/o titanium by 
Knapton [1|, 72 a/o titanium by Udy (2), and 77 a/o titanium by Sey- 
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bolt [-1]. Impurities, notably oxygen and nitrogen, are undoubtedly re¬ 
sponsible for at least part of the variations in reported values. 

The solubility of uranium in epsilon (alpha titanium) is reported as 
about 0.8 a/o at 655 C [1J. 


CllYSTALLOGIUPHV 


Thc data tabulated below are from Knapton (5). Similar data have been 
reported by Tucker (0|, giving fl = 4.S20 A and r = 2.852 A. 
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CrYSTALLOGRAPHY 

There are not intermetallic compounds in the system uranium-tungsten' 
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thermal analysis, but did not go above 1200 C. Since it has not been con¬ 
firmed, the proposed modification has not been incorporated into the 
diagram. 

Crystallography 

There are no intermetallic compounds in the system uranium-vanadium. 
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URANIUM-YTTERBIUM 

Uranium and ytterbium show little miscibility in the liquid state. The 
solubility of ytterbium in liquid uranium is reported to be 0.15 w/o at 
1150 C and 0.2 w/o at 1250 C, while uranium solubility in ytterbium is 
essentially nil at 1000 C and 0.8 w/o at 1250 C. 

Crystallography 

Data concerning the possibility of compounds in this system are not 
available. 
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URANIUM-YTTRIUM 


Uranium and yttrium exhibit an immiscibility gap 
Solubility of yttrium in liquid uranium is reported to 
w/o at 1150 C to 0.15 w/o at 1250 C [1|. 


in the liquid state, 
increase from 0.075. 


Crystallography 

Nothing is known concerning the possibility of compounds in this 
system. 
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At 010 C the solubility of uranium in zinc was calculated to be 14.0 a/o 
uranium. 

The diagram shown is identical up to 010 C to the one determined at 
1-atm pressure. Under the lower pressure condition, zinc boils at 910 C 
and the compound UZn 9 decomposes at 945 ± 3 C to the zinc vapor and 
liquid of approximate eutectic composition. Above 047 C, zinc vapor and 
the uranium gamma and liquid phases exist in equilibrium. 

CRYSTALLOGRAPHY 

Only one compound forms in this system, analytical and metallographic 
data indicating a composition of l’Zn 9 . The compound is believed to be 
hexagonal. 
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URANIUM-ZIRCONIUM 

The Constitutional Diagram 

The system uranium-zirconium has been studied by a number of in¬ 
vestigators. The diagram shown is based largely on the work of Sailer [1] 
and Rough (2). but the principal features of the system were reported 
earlier by Kaufmann (3] and Peterson [4]. The diagram is based on work 
with alloys prepared by arc melting selected biscuit uranium and Grade I 
crystal-bar zirconium. 

There is agreement that complete solid solution exists between gamma 
uranium and beta zirconium [1-6), but there was some question concerning 
the stability of the intermediate epsilon phase. However, results of studies 
by Bauer (2). Kearns [7], and Holden (8) confirm the stability of the 
phase. Oxygen and nitrogen, in ternary alloy combination with the delta 
phase, have been shown [2) to cause its decomposition, features shown 
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confirmed l»v a number of investigators.!I. 3. 4. 5. 14] Refinement of this 
area to include the gamma|-plus-gamma 2 region is indicated by the more 
recent works.[1.5] The details shown are based largely on the work of 
Sailer. Rough, and Bauer |1], who have employed quantitative lineal 
analysis of metallographic samples, metallography, thermal analysis, and 
more recently high-temperature x-ray techniques (15] to establish the 
phase regions. However, Summers-Smith disagrees, reporting [5] dila- 
tometric and high-temperature x-ray evidence for a beta-plus-gamma 2 
field extending to 02 a o zirconium in the temperature range 062 to 093 C, 
there being no alpha-plus-gammai field. 

The solubility of zirconium in beta uranium is reported by Summers- 
Smith (5] as 2.5 a o and in alpha uranium as 1.5 a/o. Sailer [1] reports 
values of about 3 and 5 a o for maximum solubility, with solubility de¬ 
creasing rapidly to le ss than 1 a o below 000 C. Zegler (16] gives values 
between 0.5 and 1 a/o at 075, 700, and 750 C in the beta phase; between 
0.25 and 0.5 a/o from 500 to 040 C; and slightly in excess of 0.5 a/o at 
000 C in the alpha phase. 

Crystallography 

The delta phase was reported by Holden to be an ordered structure, and 
subsequently large unit cells based on the gamma-uranium structure were 
reported, giving a = 10.078 A [17] and 10.09 A (18). However, indexing 
is not altogether satisfactory, certain reflections having parameters slightly 
off the values necessary for a cubic structure. Therefore, Rough (2] sug¬ 
gested a hexagonal or rhombohedral pseudo-cubic structure with a = 8.793 
and c = 9.212 at 575 C in a 72 a/o alloy. Adam (19] suggested that the 
discrepancies may arise from stacking faults; the delta-phase structure is 
strongly polarizing under a microscope, and a cubic structure is unlikely. 
Silcock (20] and, more recently, Boyko (21 ] and Mueller (22] determined 
the structure to be primitive hexagonal, accounting well for both the posi¬ 
tions and intensities of the lines. This structure is partially ordered, with 
zirconium atoms located at the 0. 0, 0 position while zirconium and ura¬ 
nium atoms are located randomly at the §, £ and §, J, \ positions. 1 he 
random distribution of uranium and zirconium atoms allows a considerable 
range in composition. Silcock (20] and Boyko (21] report similar data for 
the phase as given below. 
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URANIUM-ALUMINUM-SILICON 

The region of the system which has been studied includes UA1 4 , UA1 3 , 
silicon, and uranium (1), but no diagram is available. 

It is reported that 0.8 w/o silicon is sufficient to suppress the formation 
of UA1 4 entirely with a content of 20 w/o uranium. The phases in equilib¬ 
rium then appear to be l\\l 3 , silicon, and aluminum [1], However, the 
addition of up to 1 w/o silicon to alloys containing 40 and 50 w/o uranium 
was studied and found to depress the UA1 4 peritectic temperature to about 
703 C, but apparently does not eliminate the phase. No noticeable effect 
of these additions on the liquidus of alloys in this range was observed [2], 

The lattice constant of UA1 3 is altered by partial replacement of the 
aluminum atoms by silicon atoms. The composition U(A1 09 6 Si 0 . 04)3 
represents the average replacement, though actual replacement appears 
to be a function of temperature. No uranium was observed to be soluble 
in the aluminum and silicon phases; hence, the mutual solubilities of 
aluminum and silicon are unchanged. 

No change could be detected either in the aluminum-silicon (1) or alu¬ 
minum-rich uranium-aluminum (2) eutectic temperatures. 

C RYSTA LLOC; HA PHY 

No new phases are reported. 

References 

1. E. J. Boyle, unpublished information (February, 1951). 

2. V. W. Storhok and A. A. Hauer, private communication (1958). 


URANIUM-ALUMINUM-THORIUM 

The aluminum-rich corner of this system has been studied.! 1) The data 
indicate a ternary eutectic in the neighborhood of 70 w/o aluminum, 18 
w/o to thorium, and 0 w/o uranium. The products of the eutectic decom¬ 
position arc thought to be aluminum, LTA1 3 , and ThAl 3 . 

C RYSTALLOGRAPHY 

No compounds not appearing in the binary system were detected. 
Reference 

1. G. E. Bobkck and H. A. Wilhelm, “Alloys of Aluminum, Thorium, and 
Uranium , 99 ISC-832 (December, 1956). 
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URANIUM-BERYLLIUM-CARBON 


o 



The Constitutional Diagram 


A trapezoidal region, outlined in the diagram, has been studied III \ 0 
new phases were discovered in this area of the svstem Hi, * ■ 

for publication. ’ but the data were not available 


Composition, a/o 

Phases 

identified 

U 

C 

Be 

10.8 

8.4 
21.2 

5.5 
21.9 
27.5 
11.0 
21.3 

28.7 

34.8 

22.1 

32.5 

40.3 
32.0 
29.9 
35,0 

41.8 
42.2 

49.4 

60.8 

67.2 

59.1 

38.4 

62.5 

48.2 

37.5 
47.1 

36.5 
21.9 

4.4 

t C BeiaU 

UC + uc 2 

uc 

uc + BeoC 

UC -f Bei 3 u 

uc + uc* 

UC 2 

UC 2 

UC 2 + VC 

UC 2 
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Crystallography 

No new phases have been reported. 

Reference 

1. A. It. Kaufmanx. I*. A. Kulix and L. R. Allin. unpublished information 
(1949). 

URANIUM-BISMUTH-LEAD 


U 



--LEAD, o/o 

The Constitutional Diagram 

A portion of the uranium-bismuth-lead system has been studied by 
Teitel [1]. The 800 C isothermal section shown (2| represents a revision of 
this work to include the recently identified L T 3 Bi 4 phase. 

It is seen that the three uranium-bismuth compounds exist in equilib¬ 
rium with liquid phases containing up to about 95 a/o lead. I he UI’b 3 
phase exists in equilibrium with UBi and liquid containing less than 5 a/o 
bismuth. 


Crystallography 

No new phases have been reported. 


References 

1. R. J. Teitel, O. F. Kammkrkr and D. H. Gurinsky, unpublished in 
formation (August 31, 1951). 

2. R. ,J. Teitel and J. S. Bryner. private communication (1956). 
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URANIUM-BISM UTH-TIN 



The Coxstitutioxal Diagram 


te^: r au"i O " f 3 5 0 h C diagram Sh °"" “ Teitd 111 ''" d is “ '« • 


Tin lowers the solubility of uranium in the liquid phase. The tin eom- 
bfsmuth m eqUilibriUm " ith Hquids staining less than 82 a/o 


Crystallography 

iSo new phase has been reported. 


Reference 

1 - R. J. Tkitel, private communication ( 1956 ). 
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URANIUM-COBALT-NICKEL 



The Constitutional Diagram 


The pseudo binary UCo 2 -UXi 2 has been studied (1). The compound 
UC'o 2 has the Cl 5-type structure while the compound UXi 2 has the C14- 
type structure. Isotherms at 700 and 000 C show similar phase fields. 
The diagram shown is for 000 C. An intermediate phase X occurs with the 
C36-type structure, and in some alloys an additional pattern was ob¬ 
served. Work with single crystals showed the pattern to be the result of a 
large c-spacing. The structure could not be reproduced in samples of the 
same nominal composition. 

Solubility limits are given as: 



900 C 

700 C 


Nickel, a/o 

Cobalt, a/o 

Nickel, a/o 

Cobalt, a/o 

UNi 2 /(UNi 2 + X) 

58.5 

8.2 

56.3 

10.4 

X/(l'Xi 2 -f X) 

55.6 

11.1 

55.6 

11.1 

X/(X -f UCo 2 ) 

50.7 

16.0 

50.7 


UCo 2 /(X + UCo 2 ) 

45.3 

21.4 

45.2 

21.5 


C IlYSTALLOG RA PHY 

The structure of UCo 2 and UXi 2 has been given by Baenziger [2), but 
for consistency, all the parameters here, including that of the X-phase are 
taken from Brooks (!]. 
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Solubility limits arc given as: 



900 C j 

700 C 


Nickel, a o 

Iron, a/o 

Nickel, a/o 

Iron, a/o 

UXi 2 (UXi 2 + X) 

56.9 

9.S 

56.7 

10.0 

X/(l ; Xi 2 -f X) 

54.5 

12 2 

54.5 

12.2 

X/(+ UFe 2 ) 

53.9 

12.8 

53.9 

12.8 

l Fe 2 /(-f- l’Fe 2 ) 

47.7 

19.9 

47.6 

19.1 


Crystallography 

The structure of UCo 2 and UXi 2 lias been given by Baenziger [2], but 
for consistency, all the parameters here, including that of the X-phase are 
taken from Brooks (1). 
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URANIUM-LEAD-TIN 


The Constitutional Diagram 

The portion of the uranium-lead-tin system at 350 C shown in the 
accompanying figure is from Teitel [1 J. Extensive solubility of lead in 
USn 3 is indicated. 

The U(Sn, Pb) 3 phase exists in equilibrium with liquids containing up 
to 97.5 a/o lead. 
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Crvsta I. LOG RA PH V 

No new phases have been reported. 
Reference 

1. R. J. Teitel, private communication (1950). 


URANIUM-MANGANESE-NICKEL 
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experimental error, and are given in the diagram. An intermediate phase. 
X, with the C36-type structure was observed. In one alloy, an additional 
pattern was observed; work with single crystals showed that the sample 
had a hexagonal cell and an abnormally large spacing. This latter structure 
could not be reproduced in other samples. 

Solubility limits are given as: 


UNi 2 /(UNi 2 + X) 
X/(UNi 2 + X) 

X/(X + UMn 2 ) 
UMn 2 /(X + UMn 2 ) 

900 C 

700 C 

Nickel, 

a/o 

Manganese, 

a/o 

Nickel, 

a/o 

Manganese, 

a/o 

55.9 

50.9 
50.5 

48.9 

10.7 

15.8 

16.2 

17.8 

55.9 

50.9 

50.5 

48.5 

10.7 

15.8 

16.2 

17.8 


Crystallography 

The structure of UCo 2 and UNi 2 has been given by Baenziger [2], but 
the parameters given here are all from Brooks (1), including those of the 
intermediate phase, X. 
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In the compositional range investigated the three components show 
complete solubility at elevated temperatures. The epsilon pha.se which 
appears in these alloys is a body-centered cubic solid solution rich in mo¬ 
lybdenum and titanium. With the formation of the uranium-titanium 
delta phase and with decreasing temperatures, the epsilon phase becomes 
depleted with respect to uranium; the gamma phase approaches the 
uranium-molybdenum eutectoid composition. 

The absence of beta uranium in these alloys indicates that the equilib¬ 
rium established between the gamma-uranium and uranium-titanium 
delta phases restricts the beta phase to high-uranium alloys. At lower 
temperatures, the equilibrium established between the alpha-uranium 
and epsilon phases restricts the delta-phase regions. 

Ternary solubility of molybdenum and titanium in the respective delta 
phases is limited. 

Ckysta i.i, or; it a eii y 

Xo new phases have been reported. 

Reference 

1. II. A. S.vi.i.i at, F. A. Rough. A. A. Bauer and J. R. Doig, “Constitution 
of Delta-Phase Alloys of the System ITanium-Molybdenum-Titanium,” HMI- 
I 134 (September, 19o(>). 
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addition of 15 a/o zirconium is required to eliminate this loop in the 
uranium-niobium system. With the addition of 15 a/o niobium, the delta 
phase in the uranium-zirconium system is eliminated and the gamma 
phase is stabilized to room temperature. 

Ckysta llogkaphy 

No new phases are reported. 

Reference 

1. A. E. Dwight and M. H. Mueller, “Constitution of Uranium Niobium 
and Uranium-Niobium-Zirconium Systems,” ANL-5581 (October, 1957). 


URANIUM-OXYGEN-ZIRCONIUM 


The Constitutional Diagram 

The system was first investigated by Sailer (1J. Confirmation of the 
phase relationships in the system has been reported by Rough (2) in the 
region of the intermediate delta phase of the uranium-zirconium system. 

The delta phase is seen to be restricted in extent by oxygen additions. 
Solubility of oxygen in the uranium-zirconium delta phase is slightly less 
than 500 ppm, solubilities in the ternary section drawn for 540 C being 
exaggerated to permit illustration of the phase relationships. 

The restriction of the delta phase is a consequence of the pronounced 
stabilizing effect of oxygen on the epsilon (alpha-zirconium) phase.(3) 
As a result of this stabilization, an equilibrium between the alpha-uranium 
and epsilon (alpha-zirconium) phases is set up which restricts the delta 
phase. 

The same phase relationships exist for the gamma-uranium phase above 
the delta-phase transformation temperature. With increasing temperature 
the limits of the gamma phase in the binary system broaden until complete 
solubility exists as shown in the diagram drawn for a temperature of 1095 C. 

Solubility of oxygen in the gamma phase is limited. 

CRYSTALLOG RA PHY 

No new phases have been reported. 
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URANIUM-THORIUM-ZIRCONIUM 

'1 he effect of small additions of zirconium on the eutectic and liquid im- 
miseibility gaps that occur in binary uranium-thorium alloys has been 
studied by thermal analysis and metallographic methods in arc-melted 
alloys.( 1) No new phases were observed, the zirconium being dissolved 
in the thorium and uranium. With 13 a/o zirconium the pseudo binary 
eutectic occurs at 7 a/o thorium and 1108 C. No liquid immiscibility gap 
occurs in alloys containing 10 a/o zirconium. 

Crystallography 

No new phases have been reported. 

Reference 

1. J. R. Murray, United Kingdom, unpublished information (1957). 


URANIUM-TITANIUM-ZIRCONIUM 


The Constitutional Diagram 

An investigation of the region between the intermediate delta phases of 
the uranium-titanium and uranium-zirconium systems has been re¬ 
ported [1|, as has been a study of the high-uranium portion of the system 
at temperatures of 700, 750, 800, and 850 C.(2) The results of both in¬ 
vestigations are consistent with each other. A tentative ternary cut based 
upon data obtained from alloys ranging in composition from uranium-35 
a/o titanium to uranium-74 a/o zirconium (1| is shown as is a ternary sec¬ 
tion for 700 C.[2J 

At elevated temperatures uranium, titanium, and zirconium exhibit 
complete solid solubility. The gamma phase is stabilized to a temperature 
below the binary uranium-zirconium euteetoid.(l] 

Ternary solubility of zirconium and titanium in the respective delta 
phases is limited.(1) Solubility of zirconium in U 2 Ti decreases with in¬ 
creasing temperature; a corresponding decrease in extent of the gamma- 
plus-U 2 Ti region accompanies this decreasing solubility.(2) 

At 700 C the addition of less than 1.5 a/o titanium to uranium-zir¬ 
conium alloys is responsible for the disappearance of the gammai-plus- 
gamma 2 field.(2) 
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Crystallography 

Xo new phases have been reported. 
References 
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MELTING POINTS AND ALLOTROPIC MODIFICATIONS 

OF THORIUM 

The metal thorium is face-centered cubic at room temperature and body- 
centered cubic at high temperature. 

The existence of a high-temperature thorium modification has been dem¬ 
onstrated by C'hiotti [1], who employed high-temperature x-ray diffraction 
methods. Evidence for and confirmation of the allotropic change has been 
reported by a number of additional investigators (2-5]. 

The temperature of the thorium transformation has been determined 
by C'hiotti ((>] to be 1360 ± 10 C and the melting point 1755 ± 10 C. 
These values were derived by studying thorium of varying carbon content 
and extrapolating the curves of transformation and melting temperatures 
back to zero carbon. These temperatures have been used to standardize 
the construction of the thorium constitutional diagrams. 

The lattice constants of alpha and beta thorium vary somewhat with 
grade and degree of contamination. The lattice constants tabulated are 
for production-grade thorium. The lattice constant of alpha thorium in¬ 
creases from 5.080 A at room temperature to 5.161 A at 1200 C [1]. 
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THORIUM-ALUMINUM 


ALUMINUM, w/o 
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metallographie examination and thermal analyses of a series of alloys. 
Determinations of lattice constants indicate as much as 2.0 w/o thorium 
is soluble in aluminum.(7] The same report indicates that the solubility 
decreases with decreasing temperature. Another report indicates a solu¬ 
bility as low as 0.001 w/o thorium (8] on the basis of measurements on 
microhardness. This procedure appears to be questionable, at least in this 
case. 

The solid solubility of aluminum in thorium is quite limited, being ap¬ 
proximately 0.8 a/o aluminum at 1200 C.(l) 

Ckysta i.i.oc; ra ph y 

The crystal structures of compounds in this system have been reported 
by Braun and van Vucht.[2, 3) Murray (9) has also reported the structures 
of Th 2 Al, Th 3 Al 2 , Th.\l 2 , and Th.\l 3 , while Anderson and Goedkoop (10) 
confirmed the structure of ThAl 2 by neutron-diffraction studies. The 
ThAl 3 lattice parameters had been reported earlier by Brauer [11]. 

Some evidence for a high-temperature modification of the ThAlo phase 
has been reported by Sailer and Hough (5). 
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THORIUM-ANTIMONY 

A diagram of the thorium-antimony system has not been worked out 

but there is evidence of three intcrmetallic compounds ThSb, Th 3 Sb 4 , 

and ThSb 2 .[l] The solubility of thorium in liquid antimony has been 
reported (2) as: 

Temperature, C 650 700 750 800 850 900 

Solubility, w/o <0.05 <0.05 0.1 0.3 0.5 1.0 

ChYSTALLOORAPHY 
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THORIUM-ARSENIC 


A diagram of the thorium-arsenic system has not been worked out but 
there is evidence of three intermetallic compounds, ThAs, Th 3 As 4 and 
ThAs 2 . 

Crystallography 
The data below are from Ferro [1]. 
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THORIUM-BERYLLIUM 

The Constitutional Diagram 

There is only one compound, ThBc 13 , in this system. The portion of the 
system which is shown has been reported both by Spedding [1) and by 
Foote (2). 

The eutectic occurs at about 1.75 w/o beryllium and 1215 C. 

C RYSTA LLOG I{ A PHY 

The compound ThBci 3 has been studied by Baenziger [3) and also by 
Koehler (4). The data in the tabulation below are from Baenziger. Koehler 
confirms these data, on the basis of both x-ray and neutron-diffraction 
experiments. 
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THORIUM-BISMUTH 

BISMUTH, m/o 



The Constitutional Diagram 

The diagram shown is from Bryner [ 1 ]; it is revised to include the com¬ 
pound Th 3 Bi 4 as determined by Ferro (2). Bryner had indicated this 
compound as having a composition corresponding to Th 3 Bi 5 . Earlier, 
Johnson [3] had reported the same compound as ThBi 3 . Ferro has also 
identified ThBi 2 and reports that two phases close to ThBi in composition 
may exist.(2] 

Alloys containing 20 to 100 w/o bismuth have also been investigated by 
Clinton (41. His results, obtained by thermal analysis, are in substantial 
agreement with the diagram shown except that the liquidus is reported 
to rise more steeply, the liquidus of a 3 a/o thorium alloy being 1250 C. 

A summary (5] of the solubility of thorium in bismuth as determined 
by several investigators (1,0,7] has been issued; the results show good 
agreement. Values as given by Hayes and Gordon [0] are: 
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Temperature, C 500 550 GOO 650 700 750 800 850 900 

Solubility, w/o 0.1 0.2 0.3 0.5 0.7 1.1 1.5 2.3 3.2 

Values for solubility obtained by Greenwood [8] show some scatter but 
tend to be slightly lower than those reported by other workers. He found 
that at low temperatures the solubility curve follows the relation 


QO‘>0 

logio (thorium, w/o) = 3.02 — • 

The following values were obtained: 

Temperature, C 415 509 59G 700 801 923 1042 1100 

Solubility, w/o 0.04 0.08 0.39 0.43 1.25 2.2 4.2 5.6 


C RYSTA LLOC. KA PH Y 


The data below are from Ferro [2]. 
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THORIUM-BORON 

Two borides, ThB 4 and ThB 6 , have been observed and identified. 

There is a eutectic between beta thorium and ThB 4 at about 1550 C. 
The melting point of ThB 4 is well above 2500 C.(l] The melting point of 
ThB 6 has been reported as 2195 C [2], but Brewer reports that ThB 6 is 
too unstable for refractory use.(l] 

Boron has been reported to be soluble in thorium to some extent [3], 
but the amount has not been specified. 

The lattice constant for ThB 4 did not vary in alloys containing 25 to 
85 a/o boron; hence, it appears that ThB 4 has a very narrow solubility 
range.[ 1] 

Existence of an additional boride at about 50 a/o boron has been re¬ 
ported.[3) This report probably should be discounted, since Brewer (1) 
has shown that thorium metal is present up to the composition of ThB 4 . 
A third phase in this region, identified as a solid solution of Th0 2 and 
ThB 4 [ 1J, may account for reports of additional borides. 

Crystallography 

The tabulated data for ThB 4 are those of Zalkin and Templeton [4], 
while the data for ThB 6 are from the work of Kiessling [3]. 

The hcxaboride, ThB 6 , was reported as early as 1932.(5, 6] More recent 
data are reported by Lafferty [2J and by Bertaut and Blum [7]. Lafferty 
gives the lattice constant for ThB f) as a = 4.15 A. Bertaut [7] reports 
the same constant as a = 4.1132 A, and indicates that the alkali metals 
can replace thorium in the lattice, giving solid solutions described by 
ThxXa,i-x»B c . Parameters are reported for these solutions for 1 — X = 
0.44 to 0.77. 
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fact, the values of 1360 and 1755 ± 10 C, respectively, were obtained by 
examining thorium of varying carbon content and extrapolating plots of 
the resultant data to zero carbon. 

Reported values (1,4,5) of carbon solubility in alpha thorium vary 
with the experimental techniques employed in their determination and 
range from about 0.2 to 0.35 w/o carbon at room temperature. The solu¬ 
bility curve shown represents a workable interpretation until these dis¬ 
crepancies are resolved. 

CRYSTA I.LOG RA I’H y 

The monocarbide, ThC, has the XaCl-type structure. The data in the 
table are from Chiotti (2. 3), who found that the lattice constant varied 
from 5.29 A at 3.9 w/o carbon to 5.34 A at 4.92 w/o carbon. 

The dicarbide, ThC 2 , was formerly believed to have a distorted-tetrag¬ 
onal structure (2). Later studies by Hunt and Rundle (6), who used both 
x-ray and neutron-diffraction methods, have shown that it is c-centered 
monoclinic, as described in the tabulation. The positions of the thorium 
atom as determined by x-ray are the same in either space group, while 
satisfactory carbon positions have been found in C 2/c by neutron dif¬ 
fraction. Considerable covalent character is indicated for the Th-C 
bonds.(6) 
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THORIUM-CERIUM 


CERIUM , m/o 



The Constitutional Diagram 

The diagram which is shown has been reported by Weiner 111 All the 
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CHROMIUM, o/o 

The Constitutional Diagram 

The diagram which is shown has been reported by Wilhelm [lj. The 
eutectic occurs at about 25 a/o chromium and 1235 C. The absence of 
compounds in the system was confirmed by x-ray diffraction studies. 

The solubility of thorium in chromium, and of chromium in thorium, is 
quite limited. 
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CrYSTA LLOG RA PHY 
No compounds occur in this sytem. 
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THORIUM-COBALT 

A diagram of the thorium-cobalt system has not been worked out, but 
there is evidence of five intermetallic compounds, Th 7 Co 3 , ThCo, ThCoo_ 3 , 
1 hCos, and Th 20 oj 7 . 

Crystallography 

The data below are from Florio, Baenziger, and Bundle [1] 

Ilono, Baenziger, and Rundle [1J report that Th 2 Co 17 , Th,Fe I7 
Ih 2 Ni 17 , and ThMn, 2 are all related, even though different crystal 
classes are represented. The structures appear to be based on the MgZn, 
lattice in which tLorium replaces magnesium and the transition element 
replaces zinc It is reported that the superlattices of hexagonal Th 2 Ni I7 
monochmc Thj.Fe, 7 and Th 2 Co I7 , and body-centered tetragonal ThMn 12 

?he M e Zn n InH y S3 ^ mat,C re P lacem ent of particular thorium atoms in 
the AlgZn 5 lattice with pairs of transition-element atoms 
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THORIUM-COPPER 


COPPER,*/o 



The Constitutional Diagram 

The thorium-copper diagram which is shown is based on data of Wil¬ 
helm (1], Snow and Rundle [2], Grube and Botzenhardt [.'$), and Murray [4]. 
There appear to be three compounds in the system: Th 2 Cu, ThCu 2 , and 

ThCu„. 

Raube and Engel [5], who have a different view of the nature of the sys¬ 
tem, report four compounds, nominally Th 3 Cu 5 , ThCu 3 , ThCu 5 , and 
ThCur,. 

The compounds in this system are pyrophoric (5). 

Crystallography 


The tabulated data are from Snow and Rundle (2). 
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The Constitutional Diagram 

The portion of the diagram shown is from Raub and Engel [1J. The 
crystal structure of an additional pyrophoric compound, Th 2 Au, has been 
reported by Murray (2). 

The solubility in gold is less than 0.5 w/o thorium.[1] 

The compounds shown in the diagram tend to be pyrophoric.[3] 

C RYSTALLOG RAPHY 

1 he data below for Th 2 Au are from Murray [2]. 
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THORIUM-HAFNIUM 

The Constitutional Diagram 

The diagram shown is from Loomis and Carlson (1). A variety of 
techniques were employed in the determination. 

Solubility of hafnium in beta thorium is approximately 17 a/o at the 
eutectic temperature. Solubility in the terminal alpha, gamma, and delta 
phases is limited. 
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HAFNIUM, w/o 



CRYSTALLOGRAPHY 

There are no intcrmctallic compounds in the system thorium-hafnium. 
Reference 


isweo' Hafnium Phasc 
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THORIUM-HYDROGEN 

Two hydrides have been identified: ThH 2 (1J and Th 4 H I5 (2J. 

A study of dissociation pressures in the thorium-ThH 2 range has re¬ 
vealed a solubility in thorium of about 13 a/o hydrogen at 650 C and 
about 23 a/o hydrogen at 000 C.[3] 

The solubility range of the dihydride, ThH 2 , appears to be limited.[l] 


C R VST A L LOG RA P H Y 

The crystallography of the hydrides ThH 2 and Th 4 H, 5 is summarized 
in the tabulation below. 

Rundle, Schull, and Wollan [1] have studied ThH 2 and ThD 2 and have 
determined the lattice constants and thorium-atom positions by x-ray 
diffraction, the hydrogen-atom positions by neutron diffraction. 

'I he structure of ThH 2 is tetragonal, and there appears no likelihood 
that it will prove to be monoclinic, as did the “pseudo-tetragonal” ThC 2 . 
The structure is of the distorted-fluorite type.(l) 

The data for Th 4 H 15 are from Zachariasen (2). 
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THORIUM-INDIUM 

The solubility of thorium in liquid indium is reported to be undetectable 
at 650 C and to be 0.25 and 0.05 w/o at 800 and 900 C, respectively. 

Crystallography 
No data are available. 
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1948). 

THORIUM-IRIDIUM 

A compound, Thlr 2 , has been identified.(1] No other data are available. 
Crystallography 

Data for Thlr 2 [1] are given below. 
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THORIUM-IRON 

ThrfT rom P° u " ds "> tho thorium-iron system: 

J* 3 ’ ThI ° 3 > lhFe s. and Th 2 Fe 17 [1]. 

850and^OOOC^l A h c 7l t e3 r P r ar K t0 ^ by P critectic action between 

This enm° 00 2 • A L eutect,c has been reported at 46 a/o iron and 860 C.(3] 
ms composition is between Th 7 Fe 3 and the next compound, ThFe 3 

in iron'll? "but the" ° f ° f ir ° n in thorium M thorium 

*ron 14J, but the regions of both solid solutions are limited. 

CliYSTA LLOGRA PH Y 

At glVCn ^ thC t4lbUlati ° n bel ° W arC from I ’ ,ori °. Baenziger, and 
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It is reported |I] that Th 2 l-e 17 , Th 3 Co I7 , Th 2 Xi I7 , and ThMn 12 are 
all related even though different crystal classes are represented The 
structures appear to he based on the MgZn 5 lattice in which thorium re¬ 
places magnesium and the transition element replaces zinc. It is proposed 
that by systematic replacement of particular thorium atoms in the MgZn 5 
lattice with pairs of transition element atoms, the superlattices of hex¬ 
agonal Th 2 Xi 17 , monoclinic Th 2 Fe 17 , and Th 2 Co I7 , and body-centered 
tetragonal ThMni 2 can be derived. 
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THORIUM-LANTHANUM 

Peterson [1] studied a series of thorium-lanthanum alloys metallograph- 
ically and found that lanthanum and thorium exhibit extensive solubility. 
The alloys were prepared by co-reduction at 1000 to 1400 C. 

Crystallography 

There are no compounds in this system. 
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1. D. Peterson and R. Mickelson, unpublished information (March 31, 
1952). 
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The Constitutional Diagram 

A P ,° r "°r f the diagram has bee " determined by Bryncr |1|. The eoin- 

I b ;»^ ay Sh0W U limited S0,ubi,it > r ran « e - Weiner [2] has also 
investigated this system and reported the existence of two pyrophoric 

th—™? a " d TbPb 3- Metallographic examination showed that 
ubility of lead m thorium was less than 1 a/o at G25 O.I2I 
he compound ThPb 3 has a density of 12.3 g/em 3 .(l] 

Crystallography 

No dato are available on the crystal structure of the compounds. 
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The Constitutional Diagram 


I he diagram shown is from Peterson [I, 2], He reports a single com¬ 
pound, ThMg 2 , which transforms from hexagonal to cubic symmetry at 
about 700 C. The cubic phase decomposes peritectically at about 790 C. 
I'he composition of the compound was determined by chemical analysis 
of crystals of the compound mechanically separated from the matrix of 
thorium-magnesium alloys. 

This ThMg 2 phase reported by Peterson apparently corresponds to the 
cubic Th.Mg 5 phase reported by Vamamota, Levinson, and Rostoker [3], 
who report an additional unidentified compound of higher thorium com¬ 
position. The composition ThMg s was determined by means of quantita¬ 
tive metallography. 

The eutectic composition is reported (3) to be approximately 8 a/o 
thorium with maximum solubility of thorium in magnesium, 0.5 a/o, oc¬ 
curring at the eutectic temperature. The solubility decreases to 0.1 a/o 
at 300 0.(3] 

The solubility of magnesium in thorium appears to be low [1], since no 
change in the thorium lattice constant was observed in thorium-magne¬ 
sium alloys at room temperature. 
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Crystallography 

The data tabulated below are from Peterson (1). The delta ThMg* 
phase is stable above about 700 C; the cubic gamma ThMg 2 is stable be¬ 
low this temperature. 
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thorium-manganese 

There is evidence of three intermetallic compounds: ThMn.>, Th 6 Mn 23 , 
and lhMn 12 .(lJ 

Wilhelm (2) reports that a eutectic occurs at 911 C at a composition 
greater than 20 a/o manganese. Addition of 1 a/o manganese lowers the 
tnonum lattice constant to a = 5.0746 A.[2] 


CliYSTALLOG R a PH Y 

The data tabulated below are from Florio, Rundle, and Snow [11. 

In hl the structures of Th 6 Mn 2 3 and ThMn 12 [1]. 

atoms tUre r S ’ b , ody ‘ centcred cubcs manganese atoms tie thorium 
atom attached^ ^ tbe f TheMn23 structurc - each sucb oubc has a thorium 

boZd .0 ilum. 6 " ’ “ Ce ’ " hi,e in ThMn ' 2 °"'y opposite faces nre 

ThaCo°' and Rundle 131 re P° rt that ThMn 12 , Th 2 Fe„, 

dosses Jf 2 ' 7 nre “!' relntcd ' “ nd - " hile they represent different 

Pleteli” “b ^ ° . ta °" ^ ,MeZ " 5 A 

Iron. ” f H re,atlonshl P 18 P rcse nted in “The System Thorium- 
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TH O RIUM-M E RC URY 

The Constitutional Diagram 

The diagram shown is from Domagala [1). Data were obtained by em¬ 
ploying a dosed system. The alloy specimens, which were enclosed in 
small capsules, attained equilibrium with the vapor pressure of mercury 
as dictated by pressure and composition. 

Two compounds appear in the system. ThHg and ThHg 3 . The ThHg 
decomposes eutectoidally at some temperature between 400 and MX) C.[l] 
Solubility of thorium in liquid mercury is given as 5 w o at 300 C.[l] 
The solubility at 2-5 C has been reported as 0.1-34 w o thorium.[2; 

The solubility of mercury in solid thorium appears negligible. 

CRTSTA LLOG BA PHY 

The data tabulated for ThHg 3 are from Domagala [1] and Baenziger [3J. 
Baenziger gives cell dimensions of a = 3.38 A and c = 4.92 A. rather than 
the values given which are from Domagala. Domagala reports that 
ThHg 3 exhibits a disordered structure with only two atoms per unit cell. 
In contradiction to the work of Baenziger. Domagala reports a very 
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THORIUM-MOLYBDENUM 

Metallographies examination of high-molybdenum allots showed that 
thorium was present as a second phase. Hence, no intermetallic com¬ 
pounds occur in this system.(1,2) A eutectic is reported to occur at 
38 a/o (20 w/o) molybdenum and 1380 C.(3J 

Crystallography 
No compounds occur in this system. 
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The Constitutional Diagram 

The diagram which is shown is that of Horn and Wasserman (I); it has 
been revised to incorporate changes indicated by the work of Wilhelm and 
Carlson [2]. 

The melting points of compounds reported by Wilhelm and Carlson 
agree fairly well with similar data of Horn and Wasserman. The com¬ 
pounds in the system are Th 7 Xi 3 , ThNi, ThXi 2 , ThXi a , and Th 2 Xi 17 . 
P. 3,4) Horn and Wasserman [1] have reported the compounds tenta¬ 
tively as Th 2 Xi, 1 hXi, 1 h 2 X'i 5 ,1 hNi a , and ThX’i 9 , but this determination 
was not based on x-ray examination. 

Carlson (2) has shown that the lattice constant for nickel is affected 
little by addition of 4 a/o thorium. Accordingly, the solubility of thorium 
in nickel is slight. 


C RYSTA LLOGRAPHY 

The data tabulated are from Florio, Baenziger, and Rundle [3], 

Cvidence of a range of imposition in ThXi 5 to perhaps 

A hA l ^ [oj, 

It is reported (3| that Th 2 Ni 17 , Th 2 Fe 17 , Th 2 Co 17l and ThM., 12 , al- 
though all representing different classes, are related. These structures are 
based on the MgZn 5 lattice in which thorium replaces magnesium and the 
transition element replaces zinc. By systematically replacing particular 
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thorium atoms with pairs of transition-element atoms, the superlattices 
of hexagonal Th 2 Xi 17 , monoclinic Th 2 Fe 17 and Th 2 Co 17 , and body- 
centered tetragonal ThMn 12 can be derived. 
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The Constitutional Diagram 

The diagram which is shown has been determined by Carlson [1]. The 
diagram is based on metallographic examination, resistance measurements, 
thermal analyses, and x-ray diffraction experiments. 

There are no compounds in the system, and a eutectic occurs at 1435 C 
and 8 w/o niobium. Solid solubility is very limited in all of the terminal 
phases. The maximum solubility in thorium is probably less than 1 w/o 
niobium at 1435 C. 

The lattice constants of alpha thorium are lowered from 5.089 to 5.08G A 
by additions of niobium. The data indicate that probably much less than 
0.1 w/o niobium is soluble in alpha thorium. 

High-temperature x-ray experiments indicated that the beta-to-alpha 

transformation in thorium appears to be lowered slightly by niobium.(I) 

Chiotti (2, 3] reports that niobium getters thorium and that carbon raises 

the transformation temperature. On this basis, it appears that the effect 

of niobium may be largely the result of removal of carbon from solid 
solution. 


Crystallography 

There are no compounds in the thorium-niobium system. 
References 
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THORIUM-NITROGEN 

There are two thorium nitrides formed: ThN [ 1 ] and Th,N, 12 31 Tho 
not stable at 1500 C under vacuum [21 Roth * s ?® quinitnde > Th 2 N 3 , is 
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following equation: log 10 (nitrogen w^ = b * ‘ h » 
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Crystallography 

The mononitride, ThX, has the XaCl structure. The tabulated data are 
from Rundle [1]. Chiotti (2) reports a lattice constant of a = 5.144 A for 
fused ThX. 

The tabulated data for Th 2 X 3 are from Zachariascn (3). Chiotti (2) 
has reported similar results, giving a = 3.87 and c = 6.16 A. 
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THORIUM-OSMIUM 

A compound ThOs 2 has been identified.(1) Xo other data are available. 
Crystallography 

The structure of Th0 2 is given below. (1) 
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THORIUM-OXYGEN 

There appears to be only one stable oxide, Th0 2 .[l] It is reported to 
have a melting point of 3300 ± 100 C.(3] 

The solubility of oxygen in thorium is very limited (1). Iodide thorium 
samples, analyzed before and after reaction with oxygen at 1415 C for 3 
hr, contained 0.028 =t 0.003 w/o oxygen indicating that the thorium was 
originally saturated in oxygen. Consequently, this value represents an 
upper limit for oxygen solubility at 1415 C.(2] 


Crysta llog HA PH Y 


Thorium dioxide, Th0 2 , has the fluorite structure and is completely 
soluble with U0 2 . Solid solutions of the two oxides obey Yegard’s law.(3 4 ] 
The data tabulated below are from Zachariasen (5). Slowinski [4] ’re¬ 
ports similar data, giving a = 5.58G A, while Lambertson (3] reports a 
lattice constant of a = 5.59GI ± 0.001 A for ThOo 
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THORIUM-PHOSPHORUS 

1 here is evidence of at least two thorium-phosphorus compounds. 
Meisel [1] examined thorium-phosphorus materials ranging from ThP 0 4 to 
ThPi.33 and reported a subphosphide, composition unknown, and the 
phosphide Th 3 P 4 . 

C ItYSTA LLOG RA PHY 


The tabulated data are from Meisel [1]. Zumbusch [2] has shown that 
U 3 P 4 is isomorphous with Th 3 P 4 and that UP, which has the NaCl struc¬ 
ture, is isomorphous with the thorium subphosphide. 


Phase 

I’nit cell 

1 Density, 

8/cm 3 

Space 

group 

Remarks 

Type 

Dimensions. 

A 

Number 

of 

molecules 

X-ray 

Other 

Subphosphide 

Th 3 P 4 

Fee 

Bee 

a - 5.818 
± 0.003 

a - 8.600 
=fc 0.002 

4 

8.56 

8.44 

143d 

Composition 

unknown 
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THORIUM-PLUTONIUM 

The Constitutional Diagram 

The diagram shown is from Poole, Williamson, and Marples [1]. It 
was derived from x-ray, metallographic, dilatometric, and thermal- 
analysis data. 

Plutonium dissolves extensively in alpha thorium, as shown, but no 
data for plutonium solubility in beta thorium were obtained. Very ap¬ 
proximate studies of the liquidus suggest that it is nearly horizontal in the 
region zero to 50 a/o plutonium and subsequently falls very steeply to the 
eutectic at 005 C and approximately 93 a/o plutonium. 

A maximum solubility of 5 a/o thorium in the eta (delta plutonium) and 
iota (epsilon plutonium) phases is given. Solubility of thorium in the delta, 
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Crystallography 


Phase 

I’nit cell 

Density. 

g/cm 3 

Space 

group 

Remarks 

Type 

Dimensions, ! 
A | 

Number 

of 

molecules 

X-ray , Other 

Gumma 

(Th«Pui3) 

i 

Ortho¬ 

rhombic 

a = 9.820 

6 = 8.164 
r - 6.681 

1 

13.96 

14.0 
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THORIUM-SELENIUM 

The Constitutional Diagram 

According to D’Eye (1), there are five intermetallic compounds in the 
thorium-selenium system. These are ThSe, Th 2 Se 3 , Th 7 Se 12 , ThSe 2 , and 
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A portion of the system is shown in the accompanying diagram (1). 
The thorium used in this work contained up to 0.5 w/o oxygen, and ThOSe 
was present. Except for the composition range ThSe 07 to ThSe,.,, 
ThOSe was observed as a discrete phase and probably does not affect the 
diagram appreciably.! 1] 

The diagram shown is based on experiments in which a variety of tech¬ 
niques were utilized. 

Crystallography 

The crystallography of the thorium selenides is summarized in the ac¬ 
companying tabulation. No data are available for Th 3 Se 7 , although crys¬ 
tals of this compound were isolated by subliming selenium from selenium- 
rich samples. 

The structure of ThOSe, which was present as an extraneous phase in 
part of the work, is tetragonal with a = 4.038 ± 0.005 A, and c = 
7.019 ± 0.005 A. It has two molecules per unit cell in the space group 
P4/nmm, PbFCI-type structure. 
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THORIUM-SILICON 


I hero is evidence of at least four intermetallic compounds in the tho¬ 
rium-silicon system. Zachariasen [I] reports alpha and beta ThSi 2 and 
I 13 S 12 while Brauer [2] has reported only the alpha ThSi 2 compound. 

Jacobson [3| reports Th 3 Si 2 in addition to the three forms given by 
Zachariasen. 

1 here is a eutectic at the thorium end of the system. I'oote [4| gives its 
location as 10 a/o silicon at a temperature above 1300 O. 

CltVSTA LLOGKA PH Y 

The data for alpha ThSi 2 are from Brauer [2|, for beta ThSi 2 from 
Zachariasen [ 1 |, and for ThSi and Th 3 Si 2 from Jacobson ( 3 ). 
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thorium-silver 


SILVER, W/O 



The Constitutional Diagram 



The portion of this system which is shown is from Raub [1]. An ad¬ 
ditional pyrophoric thorium-rich compound, Th 2 Ag, is reported by 
Murray (2). 

The solid solubility in silver is less than 0.2 w/o thorium.(l) 

The compound Th 3 Ag 5 is pyrophoric.) 1) 


Crystallography 


The crystal structure of Th 2 Ag has been reported by Murray [2]. 


Phase 
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THORIUM-SODIUM 

A partial diagram has been reported for this system by Grube and Bot- 
zenhardt (1] which showed extensive solubility of thorium in sodium and 
the presence of an intermetallie compound. Later work by Ivelman [2] 
has shown, however, that this early work is in error. Numerous tests 
show that thorium is not attacked by sodium at temperatures of 050 to 
800 C or by sodium-potassium mixtures at temperatures from 500 to 
000 (’ ( 2 [. 

CUYSTA LLO(iUA PHY 

It is uncertain whether compounds may exist in this system. 
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THORIUM-SULFUR 

Four sulfides of thorium have been identified: ThS, Th 2 S 3 , Th 7 Si 2 , and 
ThS 2 .( 1, 2J The sulfide Th 7 S| 2 is reported to have solubility limits of 
ThS| 7 , to ThS, 7fi . The melting points of the sulfides are as follows: 


ThS 

2200 C 


Th 2 S 3 

1950 ± 

50 C 

Th 7 S 12 

1770 ± 

30 C 

ThS 2 

1905 ± 

30 C 


No other data on the constitution of this system are available. 
Crystallogkaphy 

The crystallography of the thorium sulfides has been studied by 
Zaehariasen (2, 5) and is tabulated below. 

A report in the literature [4J, indicating a sulfide of ThS 0 .s to ThS 0 . 7 5 
with a defect NaCl structure, has been shown to be in error. Zacharia- 
sen (2] has shown that ThS 0 8 35 contains metallic thorium and that the 
monosulfide is characterized by a thorium-sulfur ratio of 1.0. 

The lattice constants of the sulfide Th 7 S, 2 have been shown to vary 
with composition over the range ThS,. 7 , to ThS,. 7G . The data indicate 
that this is a defect structure from which thorium atoms can be removed 



Tli-901 


sruTii 


14:! 
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without destroying the stability of the phase. There is not room for 
more than 12 sulfur atoms per unit eell (3). 

D Eye [o] has shown that the thorium sulfides are isomorphous in each 
case with corresponding selenides. An additional polyselenide, Th 3 8e-, 
to which no sulfide corresponds, was found. 
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THORIUM-TANTALUM 

Wilhelm [1] examined thorium and tantalum after reaction at 2000 C 
and found only alpha thorium, tantalum and thorium dioxide by x-ray 
diffraction examination. Similar results are reported by Murray and 
Thomas [2). 

Wilhelm reports that the solubility of thorium in tantalum is quite 
limited. This report is based on a determination of the lattice coefficients 
of the tantalum solid solution. Xo reliable data are available on the solu¬ 
bility of tantalum in thorium. C'hiotti [3] reports that thorium is gettered 
by additions of tantalum. 


Crystallography 

X’o intermetallic compounds occur in this system. 


References 

1. H. A. Wilhelm, A. S. X'kwton, A. H. Daaxe and C. Nkhkr, “Thorium 
Metallurgy,” CT-3714 (February, 1946). 

2. .1. R. Murray and C. H. Thomas, United Kingdom, unpublished informa¬ 
tion (1957). 

3. P. Chiotti, private communication (March, 1954). 


THORIUM-TELLURIUM 

D’Eye [1] has reported the existence of three intermetallic compounds 
in this system ThTe, ThTe 2 , and Th 3 Te 8 which all decompose below 
1000 C to thorium and tellurium. 

An additional compound, nominally assigned the stoichiometry of 
Th 3 Te has also been reported (2J. 

Crystallography 


X’o details are available for either ThTe 2 or Th 3 Te 8 : both gave complex 
diffraction patterns (11. The structure of ThOTe which was present as an 
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extraneous phase is tetragonal with a ~ 4.120 and e = t).o04 A. It has 
two molecules per unit cell in the space group P4/nmn and is isostructural 


with ThOSe and ThOS. 
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THORIUM-THALLIUM 

The solubility of thorium in liquid thallium is reported to increase from 
0.27 w/o at 800 C to 0.33 w/o at 000 C (Ij. 

Crystallography 
No data are available. 
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THORIUM-TIN 
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No data concerning compounds in this system are available. 
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THORIUM-TITANIUM 


TITANIUM ,n/o 




The Constitutional Diagram 

The diagram which is shown has been determined by Carlson [lj. It is 
based on experiments utilizing a variety of methods. These include x-ray 
diffraction, metallographic examination, thermal analyses, and diffusion 
experiments. 

There are no compounds in this system. A eutectic is formed at 1190 C 
and 12 w/o titanium. It is reported that the transformation in titanium is 
unaffected by additions of thorium.flj 

Lattice constants were determined for alloys in this system. The data 
indicate that the solubility in thorium is probably less than 0.1 w/o 
titanium, and the solubility of thorium in titanium is even less.(l) 

Since the solubility of titanium in thorium is slight, there is probably 
little effect of titanium on the transformation of thorium from alpha to 
beta. Chiotti [2] reports that titanium getters thorium. 
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Crystallography 

There are no compounds in the thorium-titanium system. 
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The Constitutional Diagram 

The diagram which is shown was determined by Lloyd and Murray (1). 
It is based on studies in which a variety of experimental techniques were 
used. There is little solubility in any of the terminal phases. 

This is in general agreement with earlier work of Wilhelm [2], who re¬ 
ported that there were no intermetallic compounds in the system and that 
the eutectic temperature was 1475 C. 


Crystallography 
No compounds occur in this system. 
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THORIUM-VANADIUM 

The Constitutional Diagram 

The diagram which is shown has been reported by Levingston and 
Rogers [1]. It is based on studies in which a variety of experimental 
techniques was used. 

There are no compounds in this system. The eutectic reaction is indi¬ 
cated as occurring at 1400 C and 19 a/o (5 w/o) vanadium [1], although in 
a more recent determination [2] the eutectic temperature is reported as 
1420 C. Vanadium has little effect on the transformation of thorium 
from alpha to beta [1], the transformation being given as 1360 C in 
thorium-vanadium alloys.[2] 

There is little solubility in any of the terminal phases in this system. A 
specimen of thorium had a lattice parameter of a = 5.087 ± 0.002 A 
when furnace cooled and examined by x-ray diffraction. Specimens of 
thorium quenched from 1300 C gave a lattice parameter of a = 5.094 ± 
0.004 A. This parameter indicates that only a slight solubility of vana¬ 
dium in thorium occurs even at high temperatures.! 11 
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Crystallography 

There nre no intermetallic compounds in this system. 
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THORIUM-ZINC 

Wilhelm (1J has reported a compound, Th 2 Zn. It is stable to 1040 C, at 
which temperature it decomposes to form thorium and zinc. 

Data are incomplete for the system from Th 2 Zn to zinc. However. 
Xowotny (2] has reported that a compound. ThZn 9 , is formed. 

C RYSTA LLOG RA PH V 


Baenziger has reported the data for Th 2 Zn, and Xowotny the data for 
ThZn« given below. 
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THORIUM-ZIRCONIUM 

The Constitutional Diagram 

The diagram shown is from Carlson [1,2]. It is confirmed in part by the 
work of Sailer and Rough (3). The eutectoid at the zirconium end of the 
system occurring at 650 C and 14.7 a/o thorium and the minimum in the 
liquidus is confirmed by Murray (4). 

The betai-plus-beta 2 loop shown is based on high-temperature x-ray 
studies of alloys prepared from sponge thorium and crystal-bar zirconium. 
Attempts to retain a two-phase microstructure by quenching from within 
the loop were unsuccessful.[2] Similarly, Murray (4] reports that no 
evidence of the beta 1 -plus-beta 2 was obtained metallographically in 
alloys made by arc melting crystal-bar thorium and zirconium. However, 
in alloys prepared from bar-stock thorium the existence of a small betai- 
plus-beta 2 field with a maximum composition and temperature range of 
38 to 65 a/o zirconium and 915 to 950 C, respectively, was observed. 
These results seem to indicate that in pure binary alloys the immiscibility 
loop tends to close. 
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The solubility of zirconium in alpha thorium is based on lattice-param- 

° f lh ° ri - ™ (alpha zir- 


Crystallography 


There are no compounds in the thorium-zirconium system. 
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THORIUM-BERYLLIUM-SILICON 



The Constitutional Diagram 

A portion of the liquidus of the thorium-rich alloys has been reported.(l] 
There is a eutectic trough which slopes from a maximum greater than 
1300 C at the thorium-silicon eutectic to the thorium-beryllium eutectic 
at 1215 C.(2) 

Ckysta llog ra pi i y 

No new phases are involved in the ternary system. 
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The Constitutional Diagram 


An isothermal section determined at 1000 C by Bryner [I] is shown in the 
accompanying figure. As noted in the thorium binary-diagram section 
l^erro (2) has identified the compound shown here as Th 3 Bi 5 as Th 3 Bi 4 ’ 

<?uTred ,U H y ’ S ° me rCViSi0n in thG diagrn,n shown ^ undoubtedly re^ 
quired. However, since exact details are unknown, the diagram has been 

reproduced as orginally determined. 

Lead lowers the solubility of thorium in bismuth. 


CrYSTA LLOGRA PHY 

N ° nC "' Phases are in ''olved in the thorium-bismuth-lead system. 
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